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Detoxification systems
Signal
transduction
Physiological
response
Energy
metabolism NADH
Succinate ATPADP
Intracellular targets
• Superoxide dismutase
• Catalase
• Alkyl hydroperoxide
• Ergothionine
• Mycothiol
• Protein thiol
• Thioredoxin
• Hemoglobin
• Cofactors
• DNA damage (oxidation, lesions)
• Protein modifications (oxidation, 
aggregation, dissociation)
• Differential gene 
expression/regulation
• Altered metabolite 
profile
• Lipid peroxidation
• Change in peptide pool 
(oxidation, inactivation)
I II IV V
DosT
DosR
FAD
FADH2
NADP+
NADP+
Host
lipids
NO,
O2
NAD+
NADP+
NADPH
NADPH
NADH
TAG PAT
SL-1
PDIM
WhiB 3
[4Fe-4S]2+
NADPH
Citric acid
cycle
DosS
β-oxidation
FAS I pathway
pks2, pks3, mas, pps
48 gene Dos
dromancy
regulon
WhiB 3
•
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ABSTRACT	
Free-living	 amoebae	 might	 represent	 an	 evolutionary	 niche	 preparing	 amoeba	 resistant	
bacteria	 towards	 pathogenicity.	 In	 order	 to	 get	more	 insights	 into	 the	 so-called	 amoebal	
training	ground	for	M.	abscessus,	we	characterized	the	full	transcriptome	of	M.	abscessus	in	
Acanthamoeba	castellanii	(Ac)	and	macrophages	(Mφ),	as	well	as	M.	chelonae	intra-amoebal	
transcriptome	for	comparison	and	characterization	of	M.	abscessus	virulence	advantages	for	
intracellular	life.	Major	results	indicate	the	differences	between	gene	regulation	occurring	in
Ac	and	Mφ.	Up-regulated	genes	 in	Ac	are	 implicated	 in	defense	mechanisms	and	allowed	
M.	abscessus	resisting	environmental	stress.	M.	abscessus	switches	from	carbon	sources	to	
fatty	acid	metabolism	when	inside	Ac.	Forty-five	and	38	genes	were	highly	induced	in	Ac	and	
in	 Mφ	 respectively.	 Eleven	 most	 induced	 genes	 or	 genes	 putatively	 implicated	 in	 the
adaptation	to	intracellular	stress,	as	examples,	were	deleted	and	all	but	one	were	confirmed	
to	be	 involved	 in	M.	abscessus	survival	 in	Mφ.	By	cloning	and	overexpressing	 two	of	 these	
genes	in	M.	chelonae	we	show	that	high	induction	of	those	genes	enhances	survival	in	Mφ.	
In	addition,	M.	abscessus	eis2	mutant	(∆eis2MAB)	was	particularly	attenuated	in	Mφ.	Infection	
of	Mφ	with	 ∆eis2MAB	 strain	was	associated	with	higher	production	of	ROS	and	absence	of	
phagosomal	membrane	damage	and	phagosome-cytosol	contacts,	as	compared	to	the	wild-
type	and	complemented	M.	abscessus	strains.	Altogether,	M.	abscessus	 intra-Ac	and	 intra-
Mφ	 transcriptomes	 demonstrated	 of	 the	 potential	 of	 M.	abscessus	 to	 adapt	 to	 an	
intracellular	 lifestyle,	 with	 Ac	 largely	 contributing	 to	 the	 enhancement	 of	 M.	abscessus	
survival	in	Mφ.	
	 	
INTRODUCTION	
To	date,	most	mycobacterial	species	are	environmental	organisms	found	 in	soil	(Lavania	et	
al.,	2008),	air	 (Angenent	et	al.,	2005)	and	water	 (Guidotti	et	al.,	2008;	Gomila	et	al.,	2008;	
Ben	Salah	et	al.,	2009),	and	belongs	to	the	Rapid	Growing	Mycobacteria	(RGM).	In	contrast,	
most	of	the	host-associated	mycobacteria	are	Slow	Growing	mycobacteria	(SGM).	However,	
some	 exceptions	 exist:	 Mycobacterium	abscessus	 and	 members	 of	 the	 Mycobacte-
rium	chelonae	 complex,	 in	 addition	 to	 Mycobacterium	fortuitum,	 represent	 the	 main	
opportunistic	pathogens	among	RGM	(Griffith	et	al.,	2007).	
Identification	of	the	 last	common	ancestor	of	the	genus	Mycobacterium	 is	still	a	matter	of	
debate,	although	recent	studies	suggest	 it	could	be	an	environmental	species	that	evolved	
either	 as	 a	 soil-borne	 mycobacterium,	 as	 a	 waterborne	 mycobacterium	 such	 as	 Myc-
obacterium	 avium-intracellulare	 and	 Mycobacterium	 marinum,	 or	 as	 a	 host-associated	
mycobacterium	such	as	Mycobacterium	avium	subsp	paratuberculosis	and	M.	avium	subsp	
avium,	 Mycobacterium	 tuberculosis	 complex	 (MTBC)	 species	 and	 Mycobacterium	 leprae		
(Stinear	et	al.,	2008).			
Compared	to	other	non-tuberculous	mycobacteria	(NTM),	recovery	of	M.	abscessus	from	the	
environment	 is	 rare	 (Thomson	 et	 al.,	 2013).	 Information	 from	 its	 genome	 suggest	 that	
M.	abscessus	 may	 live	 at	 the	 interface	 of	 soil,	 vegetable	 and	 water,	 where	 free-living	
amoebae	 (FLA)	 are	 commonly	 found	 (Ripoll	 et	 al.,	 2009).	 FLA	 have	 been	 isolated	 from	
habitats	in	common	with	mycobacteria	(Thomas	and	McDonnell,	2007;	Falkinham,	III,	2009)	
including	cold-drinking	water	systems	(Thomas	et	al.,	2006;	Eddyani	et	al.,	2008),	hot	water	
systems	in	hospitals	and	cooling	towers	(Pagnier	et	al.,	2008).	FLA	are	ubiquitous	organisms	
that	 feed	 on	 bacteria,	 and	 these	 bacteria	 have	 likely	 developed	 adaptations	 to	 an	
intracellular	 lifestyle	 to	 become	 amoeba-resistant	 bacteria	 (ARB)	 (Adékambi	 et	 al.,	 2006;	
Lamrabet	 et	 al.,	 2012).	Mycobacteria	 have	 been	 isolated	 from	 such	 habitats	 by	 amoebal	
enrichment	 (Thomas	et	al.,	2006;	White	et	al.,	2010),	allowing	potential	evolution	 toward	
pathogenicity	by	the	acquisition	of	virulence	genes	by	horizontal	gene	transfer	(Gutierrez	et	
al.,	2005;	Ripoll	et	al.,	2009).	
	Finally,	amoebae	are	often	considered	as	an	ancestral	 form	of	macrophages	 (Mφ)	sharing	
similar	 cellular	 structures	 and	 biological	 features	 (Barker	 and	 Brown,	 1994;	 Greub	 and	
Raoult,	2004;	Siddiqui	and	Khan,	2012).		
M.	abscessus	has	been	shown	 to	be	 resistant	 to	amoeba	phagocytosis	and	encystment	 ,	a	
property	shared	with	all	mycobacteria	with	 the	exception	of	 the	attenuated	M.	bovis	BCG	
strain	(Adékambi	et	al.,	2006;	Salah	et	al.,	2009;	Bakala	N’Goma	et	al.,	2015).	In	addition,	co-
culture	 of	M.	abscessus	with	 Acanthamoeba	 castellanii	 (Ac)	 increases	 its	 virulence	when	
aerosolized	 in	mice	 (Bakala	N’Goma	 et	al.,	2015)	 suggesting	 the	existence	of	 an	 amoebal	
‘training	 ground’	 for	 opportunistic	 pathogenic	 mycobacteria.	 Similarly,	 co-culture	 of	
amoebae	with	M.	avium	was	 found	 to	 trigger	M.	avium	virulence	by	enhancing	both	entry	
and	 intracellular	multiplication	of	 the	bacterium	 (Cirillo	et	al.,	1997).	The	essential	 role	of	
M.	abscessus	 type	VII	 secretion	 system	 (T7SS)	 ESX-4	was	 also	 demonstrated	 based	 on	 an	
intra-amoebal	viability	 screen	of	a	 transposon	mutant	 library,	unraveling	 for	 the	 first	 time	
the	role	of	the	ESX-4	system	in	M.	abscessus	intracellular	survival	(Laencina	et	al.,	2018).		
In	order	 to	get	more	 insights	 into	 the	so-called	amoebal	 training	ground	 for	M.	abscessus,	
we	characterized	the	full	transcriptome	of	M.	abscessus	in	Ac	and	Mφ,	as	well	as	M.	chelonae	
intra-amoebal	transcriptome	for	comparison	and	characterization	of	M.	abscessus	virulence	
advantages	for	 intracellular	 life.	Although	amoebae	and	Mφ	share	common	features,	 it	has	
been	shown	that	an	 intra-amoebal	 life	requires	specific	adaptations	(Laencina	et	al.,	2018).	
The	 full	 description	 and	 analysis	 of	 M.	abscessus	 transcriptomes	 might	 allow	 the	
identification	 of	 key	 virulence	 genes	 and	 might	 provide	 a	 full	 picture	 of	 M.	abscessus	
adaptations	 to	 survive	 and	 replicate	 either	 in	 an	 amoebal	 host	 (encountered	 in	 the	
environment)	or	in	Mφ	(encountered	in	mammals)	and	its	ability	to	resist	host	defense.	
	 	
RESULTS	
Overall	description	of	M.	abscessus	intracellular	transcriptomes	
RNAseq	 data	 from	M.	abscessus	 planktonic	 or	 intracellular	 cultures	 (3	 to	 4	 replicates	 per	
condition)	were	 analyzed	 and compared	 to	 identify	M.	abscessus	 genes	 that	were	 up-	 or	
down-regulated	 after	Ac	 and	Mφ	 infections.	M.	 abscessus	 transcriptomes	 in	Ac	 4	 and	 16	
hours	post-infection	(hpi),	in	Mφ	16	hpi	and	transcriptomes	of	M.	chelonae	in	Ac	16	hpi	were	
obtained.	 Invariant	genes	were	excluded	from	the	analyses.	Normalization	and	hierarchical	
clustering	of	normalized	raw	data	showed	a	clear	structuration	of	the	data	according	to	the	
conditions	tested	(Sup.	Figure	1).	Differentially	expressed	genes	(DEGs)	were	identified	using	
the	DESeq2	package	(Love	et	al.,	2014)	(Sup.	Table	1)	and	the	Log2	fold	change	(FC)	values	
from	M.	abscessus	transcriptomes	were	compared	(Sup.	Figure	2).	In	Ac,	most	up-regulated	
or	down-regulated	DEGs	4	hpi	were	still	up-	or	down-regulated	16	hpi	(Figure	1A).	In	order	
to	detail	the	biological	changes	associated	with	M.	abscessus	intracellular	regulation,	we	first	
grouped	 the	 DEGs	 in	 cluster	 of	 orthologues	 (Cluster	 of	 Orthologous	 Groups	 or	 COGs)	
(Tatusov	 et	 al.,	 2000).	Highly	 induced	 genes	 in	Ac	 (over	 16	 times)	were	more	 frequently	
found	 in	 COG	 O	 (Post-translational	 modification,	 protein	 turnover,	 chaperones),	 COG	 K	
(Transcription)	 and	 COG	 I	 (Lipid	 transport	 and	 metabolism)	 compared	 to	 the	 genome;	
although	 this	 last	 category	 tended	 to	 be	 under-represented	 at	 16	 hpi	 (Figure	 1B).	
Comparatively,	highly	repressed	genes	 (over	16	times)	were	assigned	to	COG	E	and	COG	F	
(amino-acid	and	nucleotide	transport	and	metabolism	respectively)	(Figure	1B).	
When	 comparing	 M.	abscessus	 Ac-16hpi	 vs.	 Mφ-16hpi	 transcriptomes,	 DEGs	 were	 more	
dispersed,	 20%	 of	 DEGs	 were	 regulated	 in	 the	 opposite	 direction	 (increased	 versus	
decreased	 and	 vice	 versa)	 (Figure	 1C).	 The	 representation	 of	 DEG	 according	 to	 their	 FC	
highlight	that	in	Ac	and	Mφ	most	DEGs	were	low	(FC<|2|)	16	hpi	(Sup.	Figure	2A).	In	Ac,	UP	
regulated	 DEGs	 predominated	 in	 comparison	 with	 their	 behavior	 in	 a	 macrophagic	
environment	(Sup.	Figure	2B).		
COG	assignations	allowed	highlighting	differences	between	M.	abscessus	high	DEGs	 in	Mφ	
and	Ac	 (Figure	1D).	The	COG	O	 that	was	over-represented	 in	M.	abscessus	highly	 induced	
genes	in	Ac,	was	more	frequently	associated	with	highly	repressed	genes	in	Mφ	(Figure	1B-
D).	 By	 comparison,	 induced	 genes	 belonging	 to	 the	 COG	 P	 (Inorganic	 ion	 transport	 and	
metabolism)	were	over-represented	in	Mφ	only,	potentially	illustrating	different	adaptations	
to	amoebal	and	macrophagic	environments	(Figure	1D).	
	
Main	biological	pathway	changes	in	Ac	and	Mφ		
We	 performed	 a	 gene	 ontology	 enrichment	 (GOE)	 analysis	 to	 further	 characterize	
M.	abscessus	 adaptions	 in	 Ac	 and	Mφ.	 Enriched	 GO	 are	 characterized	 by	 an	 enrichment	
factor	 (EF)	 (from	1	to	4)	and	a	number	of	significantly	enriched	genes	 (from	small	 (<10)	to	
large	(>100))	(Figure	2).	
In	Ac,	 the	most	enriched	 induced	genes	 fall	 into	polyamine	 transport	 (GO:0015846)	up	 to	
adenine	 salvage	 (GO:0006168),	 including	 small	 groups	 of	 genes	 involved	 in	 sulfur	
metabolism	 (sulfate	 assimilation	 pathway	 (SAP))	 (GO:0000103),	 hydrogen	 sulfide	 (H2S)	
biosynthetic	 pathway	 (GO:0070814)	 and	 detoxification	 (iron-sulfur	 cluster	 assembly	
(GO:0016226)	(Figure	2A).	
In	Mφ,	M.	abscessus	 induced	 enriched	 genes	 fall	 into	different	GO	 as	 compared	 to	 those	
induced	 in	Ac.	 L-proline	biosynthetic	process	 (GO:0055129);	methylerythritol	4-phosphate	
MEP	pathway	 (GO:0019288)	and	Glycerol	ether	metabolic	process	 (GO:0006662)	were	 the	
most	 enriched	 GO,	 followed	 by	 the	 type	 II	 secretion	 system	 and	 notably	 the	 Tat	 (twin-
arginine	translocation)	pathway	(Figure	2B).	
In	Ac,	the	most	enriched	repressed	genes	fall	into	the	nitrate	assimilation	GO	(GO:0042128),	
up	to	glycogen	biosynthetic	process	GO	(GO:0005978)	(Figure	2C).	In	particular,	GO	related	
to	 glucose	 transport	 and	 metabolism	 were	 enriched	 (GO:0005977,	 GO:00015749,	
GO:0009250,	GO:0005978)	(Figure	2C).	
In	Mφ,	M.	abscessus	 repressed	 genes	 are	 related	 to	 growth	 and	 parietal	 activities.	 From	
GO:0040007	 corresponding	 to	 growth,	 up	 to	 GO:0030259	 corresponding	 to	 lipid	
glycosylation,	 in	addition	to	GO:0071941	(nitrogen	cycle	metabolism	process),	GO:0009259	
(peptidoglycan	synthesis)	and	GO:0022604	(regulation	of	cell	morphogenesis),	GOE	indicates	
that	M.	abscessus	slows	down	its	energy	cost	metabolism	and	its	growth	rate	(Figure	2D).	
Taken	together,	these	observations	suggest	that	M.	abscessus	enters	a	slow-replicative	state	
in	Mφ	and	dedicates	its	energy	to	detoxification	and	protein	secretion	into	the	host.	
	
Regulation	of	central	carbon	metabolism	in	Ac	and	Mφ	
To	further	describe	M.	abscessus	metabolic	adaptations	 in	Ac	and	Mφ,	we	 investigated	the	
regulation	 of	 genes	 implicated	 in	 central	 carbon	metabolism.	 The	major	 finding	was	 that	
M.	abscessus	 switches	 from	 a	 glucose-like	 carbon	 source	 to	 fatty	 acids	 inside	Ac	 and	Mφ	
(Figure	 3).	 The	 glycolysis/neoglucogenesis	 and	 pentose	 phosphate	 pathways	were	mostly	
down-regulated	or	unchanged	 inside	 the	 cells	whereas	 the	β-oxidation	of	 fatty	 acids	was	
induced	in	Ac	and	Mφ.	This	switch	was	observed	since	the	early	time	of	Ac	infection.	Fifteen	
genes	 predicted	 to	 encode	 enzymes	 necessary	 for	 the	 biochemical	 activation	 and	 β-
oxidation	of	fatty	acids	like	the	fatty	acid-coenzyme	A	(CoA)	synthase	(fadD3,	9,	10,	19),	acyl-
CoA	dehydrogenase	 (fadE5,	14,	23-24,	27-29,	31),	enoyl-CoA	hydratase	 (echA19),	hydroxy-
butyryl-CoA	 dehydrogenase	 (fadB2)	 and	 acetyl-CoA	 transferase (fadA5,	 6),	 were	 up-
regulated	 in	 Ac	 and	 Mφ.	 Genes	 implicated	 in	 the	 synthesis	 of	 enzymes	 involved	 in	 the	
breakdown	of	cholesterol	A	and	B	 rings	were	highly	 induced	 in	Ac	and	Mφ.	β-oxidation	of	
fatty	acids	and	 cholesterol	breakdown	 result	 in	 the	accumulation	of	propionyl-CoA	 that	 is	
detoxified	by	the	methylmalonyl	pathway.	By-products	of	these	3	pathways	and	the	GABA	
shunt	feed	the	TCA	cycle	while	succinate	generated	by	the	TCA	cycle	enables	the	bacterium	
to	 deal	with	 anaerobic	 respiration	 (Hartman	 et	 al.,	 2014).	 In	 addition,	M.	abscessus	may	
detoxify	from	glyoxylate	by	 its	conversion	 into	malate	through	the	glyoxylate	shunt	(Figure	
3).	
Furthermore,	 down-regulation	 of	 the	mycolate	 operon	 (MAB_2027-MAB_2039)	 (Table	 1),	
encompassing	 the	 β-ketoacyl-ACP	 synthases	 (KasA	 &	 KasB)	 and	 β-ketoacyl	 synthases	
(MAB_2031	 &	 MAB_2029),	 as	 well	 as	 the	 malonyl-CoA	 acyl	 carrier	 protein	 transacylase	
(MCAT)	homolog	 (MAB_2034)	 suggests	 that	M.	abscessus	undergoes	 starvation	 inside	 the	
cells	as	previously	described	(Jamet	et	al.,	2015).	
	
Regulation	of	conserved	virulence	genes	in	Ac	and	Mφ	
We	assessed	the	regulation	of	conserved	virulence	genes	from	M.	tuberculosis,	known	to	be	
induced	and	to	contribute	to	the	cellular	microbicidal	defenses	of	the	tubercle	bacillus	in	Mφ	
(Mukhopadhyay	 et	 al.,	 2012).	 The	picture	 looked	 similar	between	Ac	 and	Mφ	with	 a	 few	
exceptions	 in	response	to	 low	O2/NO	and	to	 low	 iron	 (Figure	4).	Transcriptional	regulators	
like	dosR,	phoP	and	mtrA	were	regulated	in	the	opposite	direction	in	Ac	and	Mφ, with	phoP	
and	mtrA	only	 induced	 in	Ac,	and	dosR	exclusively	 induced	 in	Mφ.	Other	genes	known	 to	
contribute	to	the	survival	of	the	bacterium	 in	response	to	oxidative	stress	 (Sherman	et	al.,	
1999),	comprising	ahpD,	bcp,	trxB1	and	2,	trxC	genes	(Schnappinger	et	al.,	2003),	in	addition	
to	ahpC,	were	up-regulated	in	Ac	and	Mφ.		
Altogether,	 these	 analyses	 suggest	 that	 the	 induced	 sets	 of	 genes	 in	 Ac	 reflect	 main	
adaptations	to	resistance to	 intracellular	stress.	Part	of	those	genes	were	also	shown	to	be	
induced	in	Mφ	and	might	thus	constitute	a	repertoire	of	genes	participating	in	M.	abscessus	
virulence.	
	
M.	abscessus	highly	induced	genes	in	amoeba	
The	highest	FC	values	of	M.	abscessus	regulated	genes	in	Ac	4	and	16	hpi	were	individualized	
and	 compared	 to	 the	 FC	 values	 obtained	 from	 M.	abscessus	 transcriptome	 in	 Mφ	 and	
M.	chelonae	transcriptome	in	Ac	(Sup.	Figure	3).	This	comparison	allowed	individualizing	45	
genes	highly	induced	by	M.	abscessus	in	Ac	(Sup.	Table	2).	We	also	listed	the	most	induced	
genes	in	Mφ	(38	genes)	(Sup.	Table	3).	From	the	comparison	with	the	Ac	transcriptomes,	we	
constructed	 deletion	 mutants	 in	 6	 loci	 (ΔOP1	 to	 ΔOP6)	 (Table	 3).	 From	 M.	abscessus	
transcriptome	in	Mφ	we	constructed	deletion	mutants	in	5	loci	(ΔOP	7	to	ΔOP11)	among	the	
most	induced	genes	or	in	genes	putatively	implicated	in	the	adaptation	to	intracellular	stress	
(Table	3).		
ΔOP1	to	ΔOP6	strains	were	evaluated	 for	their	 intracellular	multiplication	 in	Ac	and	 in	Mφ	
(Figure	5A).	All	mutants	were	attenuated	 in	Ac	and	Mφ,	except	one	(ΔOP5)	(Figure	5A).	All	
mutated	strains	had	similar	growth	in	vitro	to	the	wild	type	strain	(Sup.	Figure	4A).	ΔOP2,	3,	
4	and	6	were	complemented	and	all strains	recovered	the	wt	phenotype	except	for	the	OP4	
gene	(MAB_2650)	potentially	encoding	an	MmpL	(Sup.	Figure	4B).	
These	experiments	 confirmed	 the	 importance	of	 these	highly	 induced	 genes	 in	Ac,	 in	 the	
intra-Mφ	survival	of	M.	abscessus.	Several	genes	(OP2,	and	6)	are	absent	from	M.	chelonae,	
or	present	in	M.	chelonae	genome	but	at	least	four	times	less	induced	(OP3	and	OP4)	in	Ac.	
We	 have	 analyzed	 their	 contribution	 towards	 intracellular	 survival	 by	 overexpressing	
M.	abscessus	OP2,	3,	6	and	MAB_2649	genes	in	M.	chelonae	(Figure	5B,	left	panel),	which	is	
unable	to	survive	 in	Mφ	 (Sousa	et	al.,	2015).	Only	the	overexpression	of	M.	abscessus	OP3	
and	 MAB_2649	 increased	 M.	 chelonae	 survival	 in	 Mφ	 (Figure	 5B,	 right	 panel).	 By	
comparison,	 no	 increase	 in	 M.	 chelonae	 intracellular	 survival	 was	 observed	 when	
overexpressing	M.	abscessus	OP2	and	OP6	(Figure	5B,	right	panel).		
	
M.	abscessus	highly-induced	genes	in	Mφ	
Defect	 in	 intracellular	 survival	was	 noticed	 for	 all	mutants	 from	 ∆OP7	 to	 ∆OP11	 strains	
(Figure	5A),	the	ΔOP11	mutant	was	particularly	attenuated	(GI<0.1).	OP11	(MAB_4532c)	KO	
strain	tended	to	be	eliminated	by	Mφ	while	 its growth	was	similar	to	the	wt	strain	 in	vitro	
(Sup.	Figure	4).	When	complementing	ΔOP11	strain	with	MAB_4532c,	we	 restored	 the	wt	
phenotype	 (Figure	 6A).	 MAB_4532c	 encodes	 for	 an	 Eis	 N-acetyl	 transferase protein,	
according	 to	 a	motif	 analysis	 (InterProScan	 5).	Of	 interest,	M.	abscessus	 contains	 two	 eis	
genes,	 named	 eis1MAB	 (MAB_4124)	 and	 eis2MAB	 (MAB_4532c)	 while	 M.	 tuberculosis	
possesses	 a	 single	 eisMTB	 gene	 (Rv2416c)	 for	 which	 eis1MAB	 (MAB_4124)	 is	 the	 closest	
homolog.	No	conservation	of	synteny	was	observed	between	the	respective	genomic	regions	
in	M.	abscessus	and	M.	tuberculosis	though	 (Sup.	Figure	5A).	 In	contrast,	the	eis2MAB	locus	
depicts	 some	 similarity	and	 conservation	with	 the	M.	 tuberculosis	eis	 locus,	with	 inverted	
and	syntenic	conservation	of	groups	of	genes	(Sup.	Figure	5B).	M.	tuberculosis	eis	locus	was	
well-conserved	 in	M.	abscessus	and	corresponds	to	MAB_1619-MAB_1627	and	MAB_1633-
MAB_1637	regions	 (Sup.	Figure	5C).	Both	eis1MAB	and	eis2MAB	were	 found	closed	to	mmpL	
(brown	 arrows)	 and/or	mmpS	 (orange	 arrow)	 genes	 (Sup.	 Figure	 5).	 In	M.	abscessus	 eis2	
locus,	 an	 mmpL	 gene	 (MAB_4529)	 was	 conserved	 in	 M.	tuberculosis	 corresponding	 to	
mmpL11	 (Sup.	Figure	5B).	To	assess	 the	 function	of	M.	abscessus	eis	genes	we	performed	
transcomplementation	 of	 KO	 strains	 (Δeis1MAB	 and	 Δeis2MAB)	 with	 M.	tuberculosis	 eis	
(eisMTB).	Of	interest,	and	unlike	eis2MAB,	eis1MAB	was	repressed	inside	Mφ	(Sup.	Figure	6)	and	
eis1MAB	KO	strain	survived	to	Mφ	phagocytosis	(Figures	6A-B).	Complementation	of	Δeis1MAB	
and	 Δeis2MAB	with	 eis1MAB	 or	 eis2MAB	 respectively	 allowed	 the	 recovery	 of	 both	mutants	
intracellular	 survival	 (Figures	 6A-B).	However,	 complementation	with	 eisMTB	 gene	 allowed	
only	partial	 restoration	of	 the	 intracellular	 replicative	phenotype	 for	 the	Δeis2MAB	mutant,	
but	no	 restoration	was	observed	 for	 the	Δeis1MAB	mutant	 (Figure	6A-B).	Similar	behaviors	
regarding	apoptosis,	necrosis,	autophagy	and	phagosomal	acidification	were	observed	when	
comparing	 the	wt	M.	abscessus	strain	with	 the	Δeis2MAB	mutant	 (Sup.	Figure	7).	However,	
two	major	differences	were	observed.	Firstly,	infection	of	Mφ	with	the	Δeis2MAB	strain	(at	a	
MOI	of	50)	was	associated	with	higher	production	of	ROS	by	the	cells	and	loss	of	eis2MAB	also	
sensitized	M.	abscessus	to	ROS	and	notably	to	H2O2	 (Figures	6C-D).	Secondly,	the	Δeis2MAB	
mutant	was	unable	to	damage	phagosomal	membrane	and	to	provoke	phagosome-cytosol	
contacts	as	compared	to	the	wt	and	complemented	M.	abscessus	strains	(Figure	6E).		
	 	
DISCUSSION	
The	main	objective	of	this	work	was	to	understand	the	genomic	benefits	of	M.	abscessus	to	
withstand	and	survive	in	eukaryotic	cells.	Some	genes	strongly	induced	after	infection	of	Ac	
were	 required	 for	survival	 in	Mφ.	Also,	some	genes	strongly	 induced	after	 infection	of	Mφ	
were	required	for	survival	in	Ac.	These	results	confirmed	that	M.	abscessus	life	in	Ac	or	Mφ	
triggers	genes	allowing	to	survive	phagocytosis	by	both	Ac	and	Mφ.	They	are	complementary	
to	 the	 Tn	 M.	abscessus	 library	 viability	 screen	 in	 Ac,	 allowing	 the	 identification	 of	 two	
additional	 virulence	 factors,	 the	 type	 VII	 secretion	 system	 ESX4	 and	 the	 lipid	 transport	
protein	MmpL8MAB	 (Laencina	et	al.,	2018;	Dubois,	Viljoen,	et	al.,	2018).	The	attenuation	of	
KO	strains	in	Mφ	depleted	for	genes	highly	induced	by	M.	abscessus	in	Ac	but	not	in	Mφ	also	
suggests	 that	 the	 intra-amoebal	 environment	 might	 enhance	 M.	 abcsessus	 virulence	
throught	 the	 triggering	 of	 genes	 required	 for	 intracellular	 survival.	 In	 M.	 chelonae,	
orthologous	 genes	 weren’t	 induced	 that	 high,	 some	 of	 them	 were	 repressed	 or	 not	
regulated,	 further	 suggesting	 that	 this	 peculiar	 induction	 of	M.	 abscessus	 genes	 after	 Ac	
infection	was	favorable	for	its	survival	in	Mφ.	Notably,	the	over-induction	of	MAB_2649	and	
MAB_1517c	 genes	 in	 M.	chelonae	 favors	 its	 replication	 in	 Mφ,	 suggesting	 that	 the	 high	
induction	of	these	two	genes	in	amoebae	may	trigger	M.	abscessus	virulence.	In	addition,	we	
previously	showed	that	co-culturing	M.	abscessus	with	amoebae	enhances	its	virulence	even	
in	vivo	through	the	induction	of	the	plc	virulence	gene	(Bakala	N’Goma	et	al.,	2015).		
Most	of	the	6	loci	(OP1	to	OP6)	studied	encode	for	hypothetical	proteins,	with	the	exception	
of	 the	MAB_1517c	gene	encoding	a	probable	methyl	 transferase,	and	 the	MAB_2649	and	
MAB_2650	 genes	 encoding	 an	MmpS	 and	 an	MmpL	 respectively	 (Table	 2)	 (Viljoen	 et	al.,	
2017).	Inside	M.	abscessus	OP2,	mainly	comprising	genes	of	unknown	function,	we	identified	
an	ABC	transporter,	FecCD/TroCD-like	 in	MAB_1243c	protein	and	an	alkaline	shock	protein	
Asp23	 in	 MAB_1247c	 protein	 by	 performing	 a	 motif	 analysis.	 M.	abscessus	 OP3	
encompasses	 MAB_1517c	 encoding	 a	 Tetracenomycin	 polyketide	 synthesis	 O-
methyltransferase	TcmP.	This	protein	was	found	to	confer	resistance	to	Tetracenomycin	 in	
M.	avium	and	to	be	potentially	 implicated	 in	 lipid	synthesis.	A	motif	analysis	performed	on	
M.	abscessus	OP6	gene	 shows	 that	MAB_4791c	encodes	a	protein	 implicated	 in	 the	 twin-
arginine	translocation	pathway	(see	below).		
A	striking	result	of	our	work	is	the	essential	role	of	the	eis2Mab	gene	in	early	resistance	to	the	
microbicidal	 defense	 of	Mφ,	 in	 the	 phagosomal	membrane	 damage	 and	 cytosol	 contact,	
allowing	 the	 intracellular	 survival	 of	M.	abscessus.	Although	M.	abscessus	 possesses	 2	 eis	
genes,	there	is	no	redundancy	in	their	respective	functions,	the	eis1Mab	mutant	presenting	a	
similar	behavior	to	the	wt	strain	in	Mφ,	with	only	the	loss	of	a	log10	CFU	5	dpi,	compared	to	
the	eis2Mab	mutant	almost	cleared	by	Mφ	5	dpi.	Despite	higher	genomic	 identity	between	
eis1MAB	and	eisMTB,	overexpression	of	M.	tuberculosis	eis	genes	 in	∆eis2MAB	strain	allow	the	
bacterium	surviving	within	the	first	24	hours	post-infection,	demonstrating	similar	function	
of	eisMTB	and	eis2MAB	in	the	bacteria	resistance	to	Mφ	phagocytosis.	However	the	deletion	of	
eis2MAB	 is	more	deleterious	 for	 the	bacterium	 survival	 in	Mφ	 compared	 to	 the	deletion	of	
eisMTB,	(Wei	et	al.,	2000;	Wu	et	al.,	2009).	EisMTB	contributes	to	M.	tuberculosis	survival	inside	
Mφ	 by	 controlling	 host	 cell	 apoptosis,	 autophagy,	 ROS	 production	 and	 innate	 immune	
defenses	(Shin	et	al.,	2010).	As	observed	in	M.	tuberculosis	(Shin	et	al.,	2010)	increasing	the	
MOI	(to	50)	raised	differences	between	eis2MAB	KO	and	wt	strains	with	regard	to	resistance	
to	oxidized	derivatives.	 This	effect	of	 the	bacterial	 load	on	 the	 cell	 response	was	not	 yet	
observed	regarding	cell	death	mechanisms.	
One	of	the	peculiarities	of	the	eis2MAB	locus	is	to	possess	similarities	with	a	genomic	region	
of	M.	 tuberculosis,	within	which is	 found	 the	mmpL11	gene.	The	potential	 counterpart	 in	
M.	abscessus	 is	MAB_4529	(Sup.	Figure	5).	Most	MmpL	are	 lipid	transporters	 implicated	 in	
cell	physiology	and	virulence	 (Chalut,	2016;	Viljoen	et	al.,	2017).	M.	abscessus	encodes	27	
MmpLs,	twice	as	much	as	M.	tuberculosis	(Viljoen	et	al.,	2017).	In	M.	tuberculosis,	MmpL11	
is	implicated	in	heme	iron	acquisition	(Owens	et	al.,	2013)	and	the	transport	of	mycolic	acid	
wax	 ester	 and	 long-chain	 triacylglycerols	 (Wright	 et	 al.,	 2017).	 Three	 genes	 conserved	 in	
M.	abscessus	eis2	locus	encode	for	proteins	belonging	to	the	lipid	transport	and	metabolism	
pathways	 (COG	 I),	which	 suggests,	 together	with	conservation	of	M.	 tuberculosis	mmpL11	
locus,	that	M.	abscessus	eis2	 locus	might	participate	 in	cell	wall	biogenesis	(Yamaryo-Botte	
et	al.,	2015).		
Transcriptomic analysis	 revealed	 that	 nine	 M.	abscessus	 genes,	 which	 orthologues	 in	
M.	tuberculosis	 contribute	 to	 virulence,	were	highly	 induced	during	 infection	of	Mφ	 (Sup.	
Table	 2).	 Among	 them,	 WhiB7	 and	 DevR-DevS	 encoding	 genes	 are	 implicated	 in	 stress	
sensing	 (Kumar	 et	 al.,	 2011).	WhiB7,	 a	 Fe-S	 cluster	 protein,	was	 shown	 to	 be	 induced	 in	
response	to	perturbation	in	amino-acid	metabolism,	under	reducing	intracellular	state,	iron	
depletion	 and	 increased	 temperatures	 (Geiman	 et	 al.,	 2006).	 The	 20-fold	 increase	 of	
M.	abscessus	whiB7	gene	in	Mφ	suggests	that	M.	abscessus	may	undergo	similar	stresses	in	
Mφ.	The	DevR	response	regulator	of	the	histidine	kinase	DevS	was	also	highly	up-regulated.	
In	M.	tuberculosis,	the	devR-devS	two-component	system	(also	known	as	the	DosR	system)	is	
activated	in	response	to	hypoxia	(Sherman	et	al.,	2001).	Likewise,	M.	abscessus	MAB_2562c	
the	orthologue	of	Rv0081	was	induced	by	10-fold	in	Mφ.	A	putative	orthologue	(MAB_1409c)	
of	 the	dormancy	 response	gene	Rv1258c	was	also	 strongly	 induced	 in	Mφ.	The	conserved	
Alpha-ketoglutarate-dependent	dioxygenase	AlkB-encoding	gene	is	thought	to	be	involved	in	
fatty	acid	metabolism,	unless	it	confers	protection	against	DNA	methylation.	The	aspC	gene	
was	induced	by	8-fold.	AspC	mediates	nitrogen	transfer	from	aspartate	to	glutamate,	which	
in	 turn,	 together	with	glutamine,	provides	nitrogen	 to	most	of	 the	biosynthesis	pathways.	
This	 is	 thought	 to	be	essential	 in	M.	 tuberculosis	 (Sassetti	et	al.,	2003),	while	aspartate	 is	
required	for	mycobacterial	virulence	(Gouzy	et	al.,	2013).	M.	abscessus	katA	gene,	which	 is	
conserved	 in	M.	avium	and	 Listeria	monocytogenes,	 is	a	 catalase	 that	degrades	H2O2	 into	
water	 and	 oxygen	 in	 a	 single	 reaction.	 Such	 a	 reaction,	 enabling	 resistance	 to	 oxidative	
metabolites,	may	be	an	 important	mechanism	 for	surviviving	 in	phagocytic	cells	 (Manca	et	
al.,	 1999).	 M.	abscessus	 eamA	 gene	 (MAB_0677c),	 which	 is	 thought	 to	 encode	 a	
drug/metabolite	 transporter,	 was	 induced	 in	 Mφ.	 Two	 additional	 genes	 (MAB_3762	 and	
MAB_3180)	encoding	proteins	with	an	EamA	domain	are	also	highly	induced.	Finally,	at	the	
molecular	function	level,	it	appears	that	six	of	M.	abscessus	top	induced	genes	in	Mφ	encode	
for	acyl	or	N-acetyl	transferase	proteins	playing	a	role	in	post-translational	modifications.	
M.	abscessus	 transcriptomes’	 comparison	 in	 Ac	 or	 Mφ	 highlights	 metabolic	 responses	
specific	 to	 each	 cell.	 In	 Mφ,	 M.	abscessus	 enters	 a	 slow	 replicative	 stage,	 and	 activates	
detoxification	 processes	 and	 protein	 secretion	 pathways.	 By	 comparison,	 in	 amoebae	
M.	abscessus	 switches	 on	 protein	 synthesis,	 lipid	 transport	 and	metabolism,	 transcription	
post-translational	modifications	(PTM),	protein	turn	over	and	chaperones	(COG	O),	reflecting	
a	 more	 active	 and	 replicative	 behavior	 as	 compared	 to	 a	 more	 persistent	 state	 in	 Mφ.	
Actually,	 cell	wall	 biogenesis	 including	 peptidoglycan	 and	 glycosaminoglycan	 biosynthetic	
processes	 were	 down-regulated	 in	 Mφ.	 Similarly,	 mtrA,	 phoP	 and	 devR	 were	 differently	
expressed,	with	only	devR	up-regulated	in	Mφ,	confirming	the	switch	towards	a	slow	growth	
stage	for	M.	abscessus	in	Mφ.	
Over-representation	 of	 the	 COG	 O	 (post-translational	 modification,	 protein	 turnover,	
molecular	chaperone)	category	in	M.	abscessus	infecting	Ac	indicates	that	M.	abscessus	may	
alter	cellular	processes	during	its	interactions	with	amoebae	via	PTM	as	described	in	various	
pathogens	(Ribet	and	Cossart,	2010;	Müller	et	al.,	2010;	Parra	et	al.,	2017).	Protein	turnover	
does	 not	 only	 help	 to	 clear	 old	 proteins	 but	 also	 aids	 a	 fast	 adaptation	 to	 nutrient	 poor	
environments	(Goldberg	and	St.	John,	1976).	Molecular	chaperones	help	pathogens	override	
unfavorable	conditions	encounters	 in	 the	host	 like	heat	 shock,	oxidative	and	acid	 stresses	
(Neckers	 and	 Tatu,	 2008).	 They	 also	 contribute	 to	 the	 inhibition	 of	 lysosomal	 fusion	 and	
favor	 bacterial	 growth	 (Neckers	 and	 Tatu,	 2008).	 They	may	 therefore form	 a	 first	 line	 of	
defense	against	bactericidal	 stresses	and	help	consolidate	pathogen	virulence.	Thus,	over-
representation	 of	 the	 COG	O	 inside	 amoebae	might	 reflect	 specific	 intracellular	 cues	 the	
mycobacterium	faced	since	the	early	time	of	infection.	
In	Ac,	the	most	enriched	GO	is	adenine	salvage	(GO:0006168)	(Figure	2).	This	GO	represents	
any	 process	 that	 generates	 adenine	 from	 derivatives	 without	 any	 de	 novo	 synthesis.	
Mycobacteria	are	able	to	 limit	their	high	energy	demanding	nucleotide	synthesis	(Ducati	et	
al.,	 2011).	Mycobacteria	 are	 also	 capable	 of	 scavenging	 free	 nitrogenous	 bases	 from	 the	
medium	 (Ducati	 et	 al.,	 2011).	 Under	 conditions	 of	 low	 energy	 availability	 or	 rapid	
multiplication,	 the	 salvage	 pathway	 may	 then	 be	 the	 main	 source	 of	 maintaining	 the	
nucleotide	pool	(Ducati	et	al.,	2011).	
Sulfur	 metabolism	 (GO:0000103),	 hydrogen	 sulfide	 (H2S)	 biosynthetic	 pathway	
(GO:0070814)	and	detoxification	via	Fe-S	cluster	assembly	proteins	(GO:0016226)	in	addition	
to	polyamine	transport	(GO:0015846),	were	also	enriched	in	Ac.	In	its	reduced	form,	sulfur	is	
used	 in	 the	 biosynthesis	 of	 the	 amino	 acid	 cysteine	 that	 is	 one	 of	 the	 prime	 targets	 for	
reactive	nitrogen	intermediates	(Rhee	et	al.,	2005).	Those	pathways	might	play	a	key	role	in	
M.	abscessus	 survival	 in	phagocytic	cells,	 since	genes	 involved	 in	 the	metabolism	of	 sulfur	
have	 consistently	 been	 identified	 as	 up-regulated	 in	 conditions	 that	 mimic	 the	 intra-
macrophagic	environment	and	during	Mφ	 infection	by	M.	tuberculosis	(Schnappinger	et	al.,	
2003).	 As	 for	 polyamines	 (cadaverine,	 putrescine	 and	 spermidine)	 that	 have	 pleiotropic	
effects	 on	 cells	 via	 their	 interaction	 with	 nucleic	 acids,	 a	 role	 in	 bacterial	 virulence	 by	
allowing	 the	escape	of	mycobacteria	 from	 the	phagolysosome,	 toxin	activity	or	protection	
from	oxidative	and	acid	stress	has	been	demonstrated	(Shah	and	Swiatlo,	2008).	
In	Mφ,	glycerol	ether	metabolic	process;	MEP	pathway	and	 L-proline	biosynthetic	process	
were	most	enriched.	Glycerol	ether	metabolic	process	corresponds	to	glycerophospholipids-
seminolipids-plasmecholine	metabolism	and	cellular	amide	biosynthetic	processes.	The	MEP	
pathway	 is	 required	 for	 isoprenoid	 precursor	 biosynthesis	 (Rohmer	 et	 al.,	 1993).	 A	wide	
variety	 of	 monoterpenes	 and	 diterpenes	 belong	 to	 isoprenoid	 classes	 which	 function	 as	
toxins,	growth	inhibitors,	or	other	secondary	metabolites	(Gershenzon	and	Dudareva,	2007).	
Finally,	proline	has	been	reported	as	an	important	factor	in	the	adaptation	of	mycobacteria	
to	slow	growth	rate	and	hypoxia	(Berney	et	al.,	2012).	It	has	been	believed	that	the	proline-
utilization	pathway	protects	mycobacterial	cells	by	detoxifying	methylglyoxal,	a	by-product	
of	endogenous	glycerol	metabolism	(Berney	et	al.,	2012)	that	can	damage	DNA	and	proteins	
within	 cells.	 Up-regulation	 of	 base-excision	 repair	 suggests	 that	 the	 mycobacterium	
presently	undergoes	DNA	damaging.	Protein	folding	was	also	enriched,	as	well	as	the	type	II	
secretion	 system,	 which	 was	 enriched	 by	 more	 than	 two-fold.	 This	 secretion	 system	
promotes	specific	transport	of	folded	periplasmic	proteins	across	a	dedicated	channel	in	the	
outer	membrane.	 It	 necessitates	 both	 Sec	 and	 Tat	 pathways	 to	 secrete	 proteins	 into	 the	
periplasm.	 Potential	 roles	 for	 SecA1	 and	 SecA2	 in	 M.	 tuberculosis	 dormancy	 has	 been	
reported	 while	 the	 Tat	 pathway	 was	 shown	 to	 contribute	 to	 virulence	 in	 Legio-
nella	pneumophila	 for	 instance,	 by	 facilitating	 secretion	 of	 Phospholipase	 C	 (Rossier	 and	
Cianciotto,	2005),	a	virulence	factor	conserved	in	M.	abscessus	(Ripoll	et	al.,	2009).		
Both	 Ac	 and	 Mφ	 were	 sensed	 as	 a	 stressful	 environment	 by	 M.	abscessus	 by	 the	 up-
regulation	of	genes	known	to	be	 involved	 in	multiple	stress	responses.	 Induction	of	 low	O2	
and	 low	NO	 response	 genes	 confirm	 hypoxic	 environments	 encountered	 by	M.	abscessus	
either	in	Ac	or	Mφ.		
In	conclusion,	the	elements	found	in	this	work	confirm	that	induced	genes	in	amoebae	play	
an	 essential	 role	 in	 the	 future	 survival	 of	M.	 abscessus	 in	Mφ.	 Both	 environments	 have	
commonalities,	 in	 terms	of	metabolic	 switches,	especially	 to	withstand	 the	host	 response,	
but	 provoke	 very	 different	 responses	 indicating	 the	 active	 side	 of	 intra-amoebic	 life	
compared	 to	a	more	deleterious	 side	of	 life	within	 the	Mφ.	 its	 intra-amoebic	 life	possibly	
allows	M.	 abscessus	 to	withstand	 this	 noxious	 environment,	 especially	 thanks	 to	 several	
genes	which	role	 in	virulence	has	been	confirmed	 in	this	work.	Many	tracks	opened	during	
this	work	must	now	be	followed	to	complete	this	picture and	provide	a	full	understanding	of	
M.	abscessus	interactions	with	host	cells.	
	 	
REFERENCES	
Adékambi,	 T.,	 Salah,	 S.	 Ben,	 Khlif,	 M.,	 Raoult,	 D.,	 and	 Drancourt,	 M.	 (2006a)	 Survival	 of	
environmental	mycobacteria	in	Acanthamoeba	polyphaga.	Appl	Environ	Microbiol	72:	
5974–81.	
Adékambi,	 T.,	 Salah,	 S.	 Ben,	 Khlif,	 M.,	 Raoult,	 D.,	 and	 Drancourt,	 M.	 (2006b)	 Survival	 of	
environmental	mycobacteria	in	Acanthamoeba	polyphaga.	Appl	Environ	Microbiol	72:	
5974–81.	
Ahmed,	N.,	Saini,	V.,	Raghuvanshi,	S.,	Khurana,	 J.P.,	Tyagi,	A.K.,	Tyagi,	A.K.,	and	Hasnain,	S.E.	
(2007)	Molecular	Analysis	of	a	Leprosy	Immunotherapeutic	Bacillus	Provides	Insights	
into	Mycobacterium	Evolution.	PLoS	One	2:	e968.	
Angenent,	 L.T.,	Kelley,	 S.T.,	 St	Amand,	A.,	Pace,	N.R.,	and	Hernandez,	M.T.	 (2005)	Molecular	
identification	of	potential	pathogens	in	water	and	air	of	a	hospital	therapy	pool.	Proc	
Natl	Acad	Sci	U	S	A	102:	4860–5.	
Bakala	N’Goma,	J.C.,	Moigne,	V.	Le,	Soismier,	N.,	Laencina,	L.,	Chevalier,	F.	Le,	Roux,	A.-L.,	et	al.	
(2015a)	 Mycobacterium	 abscessus	 phospholipase	 C	 expression	 is	 induced	 during	
coculture	 within	 amoebae	 and	 enhances	 M.	 abscessus	 virulence	 in	 mice.	 Infect	
Immun	83:	780–91.	
Bakala	N’Goma,	J.C.,	Moigne,	V.	Le,	Soismier,	N.,	Laencina,	L.,	Chevalier,	F.	Le,	Roux,	A.-L.,	et	al.	
(2015b)	 Mycobacterium	 abscessus	 phospholipase	 C	 expression	 is	 induced	 during	
coculture	 within	 amoebae	 and	 enhances	 M.	 abscessus	 virulence	 in	 mice.	 Infect	
Immun	83:	780–91.	
Barker,	 J.,	and	Brown,	M.R.W.	 (1994)	Trojan	Horses	of	the	microbial	world:	protozoa	and	the	
survival	of	bacterial	pathogens	in	the	environment.	Microbiology	140:	1253–1259.	
Berney,	M.,	Weimar,	M.R.,	Heikal,	A.,	and	Cook,	G.M.	(2012)	Regulation	of proline	metabolism	
in	mycobacteria	and	its	role	in	carbon	metabolism	under	hypoxia.	Mol	Microbiol	84:	
664–81.	
Berney,	M.,	Weimar,	M.R.,	Heikal,	A.,	and	Cook,	G.M.	(2012)	Regulation	of	proline	metabolism	
in	mycobacteria	and	its	role	in	carbon	metabolism	under	hypoxia.	Mol	Microbiol	84:	
664–681.	
Chalut,	 C.	 (2016)	 MmpL	 transporter-mediated	 export	 of	 cell-wall	 associated	 lipids	 and	
siderophores	in	mycobacteria.	Tuberculosis	(Edinb)	100:	32–45.	
Cirillo,	J.D.,	Falkow,	S.,	Tompkins,	L.S.,	and	Bermudez,	L.E.	(1997)	Interaction	of	Mycobacterium	
avium	with	environmental	amoebae	enhances	virulence.	Infect	Immun	65:	3759–67.	
Dubois,	 V.,	 Laencina,	 L.,	 Bories,	 A.,	 Moigne,	 V.	 Le,	 Pawlik,	 A.,	 Herrmann,	 J.-L.,	 and	 Girard-
Misguich,	F.	(2018)	 Identification	of	Virulence	Markers	of	Mycobacterium	abscessus	
for	Intracellular	Replication	in	Phagocytes.	J	Vis	Exp	.	
Dubois,	 V.,	 Viljoen,	 A.,	 Laencina,	 L.,	 Moigne,	 V.	 Le,	 Bernut,	 A.,	 Dubar,	 F.,	 et	 al.	 (2018)	
MmpL8MAB	 controls	 Mycobacterium	 abscessus	 virulence	 and	 production	 of	 a	
previously	unknown	glycolipid	family.	Proc	Natl	Acad	Sci	U	S	A	201812984.	
Ducati,	 R.G.,	 Breda,	 A.,	 Basso,	 L.A.,	 and	 Santos,	 D.S.	 (2011)	 Purine	 Salvage	 Pathway	 in	
Mycobacterium	tuberculosis.	Curr	Med	Chem	18:	1258–75.	
Eddyani,	M.,	 Jonckheere,	 J.F.	De,	Durnez,	L.,	Suykerbuyk,	P.,	Leirs,	H.,	and	Portaels,	F.	 (2008)	
Occurrence	of	 free-living	 amoebae	 in	 communities	of	 low	 and	high	endemicity	 for	
Buruli	ulcer	in	southern	Benin.	Appl	Environ	Microbiol	74:	6547–53.	
Falkinham,	 III,	 J.O.	 (2009)	 Surrounded	by	mycobacteria:	nontuberculous	mycobacteria	 in	 the	
human	environment.	J	Appl	Microbiol	107:	356–367.	
Geiman,	 D.E.,	 Raghunand,	 T.R.,	 Agarwal,	 N.,	 and	 Bishai,	 W.R.	 (2006)	 Differential	 Gene	
Expression	 in	Response	 to	 Exposure	 to	Antimycobacterial	Agents	 and	Other	 Stress	
Conditions	 among	 Seven	Mycobacterium	 tuberculosis	whiB-Like	Genes.	Antimicrob	
Agents	Chemother	50:	2836–2841.	
Gentleman,	 R.C.,	 Carey,	 V.J.,	 Bates,	 D.M.,	 Bolstad,	 B.,	 Dettling,	M.,	 Dudoit,	 S.,	 et	 al.	 (2004)	
Bioconductor:	 open	 software	 development	 for	 computational	 biology	 and	
bioinformatics.	Genome	Biol	5:	R80.	
Gershenzon,	J.,	and	Dudareva,	N.	(2007)	The	function	of terpene	natural	products	in	the	natural	
world.	Nat	Chem	Biol	3:	408–414.	
Goldberg,	A.L.,	and	 John,	A.C.	St.	 (1976)	 Intracellular	Protein	Degradation	 in	Mammalian	and	
Bacterial	Cells:	Part	2.	Annu	Rev	Biochem	45:	747–804.	
Gomila,	M.,	Ramirez,	A.,	Gasco,	J.,	and	Lalucat,	J.	(2008)	Mycobacterium	llatzerense	sp.	nov.,	a	
facultatively	autotrophic,	hydrogen-oxidizing	bacterium	 isolated	 from	haemodialysis	
water.	Int	J	Syst	Evol	Microbiol	58:	2769–2773.	
Gouzy,	A.,	Poquet,	Y.,	and	Neyrolles,	O.	 (2013)	A	central	role	 for	aspartate	 in	Mycobacterium	
tuberculosis	physiology	and	virulence.	Front	Cell	Infect	Microbiol	3:	68.	
Greub,	 G.,	 and	 Raoult,	 D.	 (2004)	 Microorganisms	 resistant	 to	 free-living	 amoebae.	 Clin	
Microbiol	Rev	17:	413–33.	
Griffith,	D.E.,	Aksamit,	T.,	Brown-Elliott,	B.A.,	Catanzaro,	A.,	Daley,	C.,	Gordin,	F.,	et	al.	(2007)	An	
official	ATS/IDSA	statement:	diagnosis,	treatment,	and	prevention	of	nontuberculous	
mycobacterial	diseases.	Am	J	Respir	Crit	Care	Med	175:	367–416.	
Guidotti,	 T.L.,	 Ragain,	 L.,	 Haas,	 P.	 de,	 and	 Soolingen,	 D.	 van	 (2008)	 Communicating	 with	
healthcare	providers.	J	Water	Health	6:	s53.	
Gutierrez,	M.C.,	Brisse, S.,	Brosch,	R.,	Fabre,	M.,	Omaïs,	B.,	Marmiesse,	M.,	et	al.	(2005)	Ancient	
Origin	and	Gene	Mosaicism	of	 the	Progenitor	of	Mycobacterium	 tuberculosis.	PLoS
Pathog	1:	e5.	
Hartman,	 T.,	 Weinrick,	 B.,	 Vilchèze,	 C.,	 Berney,	 M.,	 Tufariello,	 J.,	 Cook,	 G.M.,	 et	 al.	 (2014)	
Succinate	 dehydrogenase	 is	 the	 regulator	 of	 respiration	 in	 Mycobacterium	
tuberculosis.	PLoS	Pathog	10:	e1004510.	
Jamet,	 S.,	Quentin,	 Y.,	Coudray,	C.,	 Texier,	 P.,	 Laval,	 F.,	Daffé,	M.,	 et	 al.	 (2015)	 Evolution	of	
Mycolic	 Acid	 Biosynthesis	 Genes	 and	 Their	 Regulation	 during	 Starvation	 in	
Mycobacterium	tuberculosis.	J	Bacteriol	197:	3797–811.	
Kumar,	 A.,	 Farhana,	 A.,	 Guidry,	 L.,	 Saini,	 V.,	 Hondalus,	 M.,	 and	 Steyn,	 A.J.C.	 (2011)	 Redox	
homeostasis	 in	mycobacteria:	 the	key	 to	 tuberculosis	control?	Expert	Rev	Mol	Med	
13:	e39.	
Laencina,	 L.,	 Dubois,	 V.,	 Moigne,	 V.	 Le,	 Viljoen,	 A.,	 Majlessi,	 L.,	 Pritchard,	 J.,	 et	 al.	 (2018)	
Identification	of	genes	required	 for	Mycobacterium	abscessus	growth	 in	vivo	with	a	
prominent	role	of	the	ESX-4	locus.	Proc	Natl	Acad	Sci	115:	E1002–E1011.	
Lamrabet,	O.,	Mba	Medie,	 F.,	and	Drancourt,	M.	 (2012)	Acanthamoeba	polyphaga-enhanced	
growth	of	Mycobacterium	smegmatis.	PLoS	One	7:	e29833.	
Lavania,	M.,	 Katoch,	 K.,	 Katoch,	 V.M.,	 Gupta,	 A.K.,	 Chauhan,	 D.S.,	 Sharma,	 R.,	 et	 al.	 (2008)	
Detection	 of	 viable	 Mycobacterium	 leprae	 in	 soil	 samples:	 Insights	 into	 possible	
sources	of	transmission	of	leprosy.	Infect	Genet	Evol	8:	627–631.	
Love,	 M.I.,	 Huber,	 W.,	 and	 Anders,	 S.	 (2014)	 Moderated	 estimation	 of	 fold	 change	 and	
dispersion	for	RNA-seq	data	with	DESeq2.	Genome	Biol	15:	550.	
Manca,	 C.,	 Paul,	 S.,	 Barry,	 C.E.,	 Freedman,	 V.H.,	 Kaplan,	 G.,	 and	 Kaplan,	 G.	 (1999)	
Mycobacterium	 tuberculosis	 catalase	 and	 peroxidase	 activities	 and	 resistance	 to	
oxidative	killing	in	human	monocytes	in vitro.	Infect	Immun	67:	74–9.	
Medjahed,	H.,	and	Singh,	A.K.	(2010)	Genetic	manipulation	of	Mycobacterium	abscessus.	Curr	
Protoc	Microbiol	Chapter	10:	Unit	10D.2.	
Moigne,	V.	Le,	Belon,	C.,	Goulard,	C.,	Accard,	G.,	Bernut,	A.,	Pitard,	B.,	et	al.	(2016)	MgtC	as	a	
Host-Induced	 Factor	 and	 Vaccine	 Candidate	 against	 Mycobacterium	 abscessus	
Infection.	Infect	Immun	84:	2895–2903.	
Mukhopadhyay,	S.,	Nair,	S.,	and	Ghosh,	S.	 (2012)	Pathogenesis	 in	tuberculosis:	transcriptomic	
approaches	to	unraveling	virulence	mechanisms	and	finding	new	drug	targets.	FEMS	
Microbiol	Rev	36:	463–485.	
Müller,	M.P.,	 Peters,	H.,	 Blümer,	 J.,	 Blankenfeldt,	W.,	Goody,	 R.S.,	 and	 Itzen,	 A.	 (2010)	 The	
Legionella	 effector	protein	DrrA	AMPylates	 the	membrane	 traffic	 regulator	Rab1b.	
Science	329:	946–9.	
Neckers,	 L.,	and	Tatu,	U.	 (2008)	Molecular	 chaperones	 in	pathogen	virulence:	emerging	new	
targets	for	therapy.	Cell	Host	Microbe	4:	519–27.	
Owens,	C.P.,	Chim,	N.,	Graves,	A.B.,	Harmston,	C.A.,	Iniguez,	A.,	Contreras,	H.,	et	al.	(2013)	The	
Mycobacterium	 tuberculosis	secreted	protein	Rv0203	 transfers	heme	 to	membrane	
proteins	MmpL3	and	MmpL11.	J	Biol	Chem	288:	21714–28.	
Pagnier,	 I.,	Raoult,	D.,	and	Scola,	B.	La	 (2008)	 Isolation	and	 identification	of	amoeba-resisting	
bacteria	from	water	in	human	environment	by	using	an	Acanthamoeba	polyphaga	co-
culture	procedure.	Environ	Microbiol	10:	1135–1144.	
Parra,	J.,	Marcoux,	J.,	Poncin,	 I.,	Canaan,	S.,	Herrmann,	J.L.,	Nigou,	J.,	et	al.	 (2017)	Scrutiny	of	
Mycobacterium	 tuberculosis	 19	 kDa	 antigen	 proteoforms	 provides	 new	 insights	 in	
the	lipoglycoprotein	biogenesis	paradigm.	Sci	Rep	7:	43682.	
Rhee,	K.Y.,	Erdjument-Bromage,	H.,	Tempst,	P.,	and	Nathan,	C.F.	(2005)	S-nitroso	proteome	of	
Mycobacterium	 tuberculosis:	Enzymes	of	 intermediary	metabolism	and	antioxidant	
defense.	Proc	Natl	Acad	Sci	102:	467–472.	
Ribet,	 D.,	 and	 Cossart,	 P.	 (2010)	 Pathogen-Mediated	 Posttranslational	 Modifications:	 A	 Re-
emerging	Field.	Cell	143:	694–702.	
Ripoll,	 F.,	 Pasek,	 S.,	 Schenowitz,	 C.,	 Dossat,	 C.,	 Barbe,	 V.,	 Rottman,	 M.,	 et	 al.	 (2009)	 Non	
Mycobacterial	 Virulence	 Genes	 in	 the	 Genome	 of	 the	 Emerging	 Pathogen	
Mycobacterium	abscessus.	PLoS	One	4:	e5660.	
Rohmer,	M.,	Knani,	M.,	Simonin,	P.,	Sutter,	B.,	and	Sahm,	H.	(1993)	Isoprenoid	biosynthesis	 in	
bacteria:	 a	 novel	 pathway	 for	 the	 early	 steps	 leading	 to	 isopentenyl	 diphosphate.	
Biochem	J	295	(	Pt	2):	517–24.	
Rossier,	 O.,	 and	 Cianciotto,	 N.P.	 (2005)	 The	 Legionella	 pneumophila	 tatB	 gene	 facilitates	
secretion	of	phospholipase	C,	growth	under	iron-limiting	conditions,	and	intracellular	
infection.	Infect	Immun	73:	2020–32.	
Roux,	A.-L.,	Viljoen,	A.,	Bah,	A.,	Simeone,	R.,	Bernut,	A.,	Laencina,	L.,	et	al.	(2016)	The	distinct	
fate	 of	 smooth	 and	 rough	Mycobacterium	 abscessus	 variants	 inside	macrophages.	
Open	Biol	6:	160185.	
Salah,	 I.	Ben,	Adékambi,	T.,	 and	Drancourt,	M.	 (2009)	Mycobacterium	phocaicum	 in	 therapy	
pool	water.	Int	J	Hyg	Environ	Health	212:	439–444.	
Salah,	 I.B.,	 Ghigo,	 E.,	 and	 Drancourt,	 M.	 (2009)	 Free-living	 amoebae,	 a	 training	 field	 for	
macrophage	resistance	of	mycobacteria.	Clin	Microbiol	Infect	15:	894–905.	
Sassetti,	 C.M.,	 Boyd,	 D.H.,	 and	 Rubin,	 E.J.	 (2003)	 Genes	 required	 for	mycobacterial	 growth	
defined	by	high	density	mutagenesis.	Mol	Microbiol	48:	77–84.	
Schnappinger,	 D.,	 Ehrt,	 S.,	 Voskuil,	M.I.,	 Liu,	 Y.,	Mangan,	 J.A.,	Monahan,	 I.M.,	 et	 al.	 (2003)	
Transcriptional	Adaptation	of	Mycobacterium	tuberculosis	within	Macrophages.	J	Exp	
Med	198:	693–704.	
Schnappinger,	 D.,	 Ehrt,	 S.,	 Voskuil,	M.I.,	 Liu,	 Y.,	Mangan,	 J.	 a,	Monahan,	 I.M.,	 et	 al.	 (2003)	
Transcriptional	 Adaptation	 of	 Mycobacterium	 tuberculosis	 within	 Macrophages:	
Insights	into	the	Phagosomal	Environment.	J	Exp	Med	198:	693–704.	
Shah,	P.,	and	 Swiatlo,	E.	 (2008)	MicroReview	A	multifaceted	 role	 for	polyamines	 in	bacterial	
pathogens.	.	
Sherman,	D.R.,	Mdluli,	K.,	Hickey,	M.J.,	Barry,	C.E.,	and	Stover,	C.K.	(1999)	AhpC,	oxidative	stress	
and	drug	resistance	in	Mycobacterium	tuberculosis.	Biofactors	10:	211–7.	
Sherman,	D.R.,	Voskuil,	M.,	Schnappinger,	D.,	Liao,	R.,	Harrell,	M.I.,	and	Schoolnik,	G.K.	(2001)	
Regulation	of	the	Mycobacterium	tuberculosis	hypoxic	response	gene	encoding	alpha	
-crystallin. Proc	Natl	Acad	Sci	U	S	A	98:	7534–9.	
Shin,	D.-M.,	Jeon,	B.-Y.,	Lee,	H.-M.,	Jin,	H.S.,	Yuk,	J.-M.,	Song,	C.-H.,	et	al.	(2010)	Mycobacterium	
tuberculosis	Eis	Regulates	Autophagy,	 Inflammation,	and	Cell	Death	through	Redox-
dependent	Signaling.	PLoS	Pathog	6:	e1001230.	
Siddiqui,	R.,	and	Khan,	N.A.	(2012)	Acanthamoeba	is	an	evolutionary	ancestor	of	macrophages:	
A	myth	or	reality?	Exp	Parasitol	130:	95–97.	
Simeone,	R.,	Sayes,	F.,	Song,	O.,	Gröschel,	M.I.,	Brodin,	P.,	Brosch,	R.,	and	Majlessi,	L.	 (2015)	
Cytosolic	 Access	 of	 Mycobacterium	 tuberculosis:	 Critical	 Impact	 of	 Phagosomal	
Acidification	 Control	 and	 Demonstration	 of	 Occurrence	 In	 Vivo.	 PLOS	 Pathog	 11:	
e1004650.	
Sousa,	 S.,	 Bandeira,	 M.,	 Carvalho,	 P.A.,	 Duarte,	 A.,	 and	 Jordao,	 L.	 (2015)	 Nontuberculous	
mycobacteria	pathogenesis	and	biofilm	assembly.	Int	J	Mycobacteriology	4:	36–43.	
Stinear,	T.P.,	Seemann,	T.,	Harrison,	P.F.,	Jenkin,	G.A.,	Davies,	J.K.,	Johnson,	P.D.R.,	et	al.	(2008)	
Insights	 from	 the	 complete	 genome	 sequence	 of	Mycobacterium	marinum	 on	 the	
evolution	of	Mycobacterium	tuberculosis.	Genome	Res	18:	729–741.	
Tatusov,	R.L.,	Galperin,	M.Y.,	Natale,	D.A.,	and	Koonin,	E.	V	(2000)	The	COG	database:	a	tool	for	
genome-scale	analysis	of	protein	functions	and	evolution.	Nucleic	Acids	Res	28:	33–6.	
Thomas,	V.,	Herrera-Rimann,	K.,	Blanc,	D.S.,	and	Greub,	G.	(2006)	Biodiversity	of	amoebae	and	
amoeba-resisting	 bacteria	 in	 a	 hospital	water	 network.	Appl	 Environ	Microbiol	 72:	
2428–38.	
Thomas,	 V.,	 and	 McDonnell,	 G.	 (2007)	 Relationship	 between	 mycobacteria	 and	 amoebae:	
ecological	and	epidemiological	concerns.	Lett	Appl	Microbiol	45:	349–357.	
Thomson,	 R.M.,	 Carter,	 R.,	 Tolson,	 C.,	 Coulter,	 C.,	 Huygens,	 F.,	 and	 Hargreaves,	 M.	 (2013)	
Factors	associated	with	the	 isolation	of	Nontuberculous	mycobacteria	(NTM)	from	a	
large	municipal	water	system	in	Brisbane,	Australia.	BMC	Microbiol	13:	89.	
Vallenet,	 D.,	 Engelen,	 S.,	 Mornico,	 D.,	 Cruveiller,	 S.,	 Fleury,	 L.,	 Lajus,	 A.,	 et	 al.	 (2009)	
MicroScope:	a	platform	for	microbial	genome	annotation	and	comparative	genomics.	
Database	(Oxford)	2009:	bap021.	
Viljoen,	A.,	Dubois,	V.,	Girard-Misguich,	F.,	Blaise,	M.,	Herrmann,	J.-L.,	and	Kremer,	L.	(2017)	The	
diverse	 family	 of	 MmpL	 transporters	 in	 mycobacteria:	 from	 regulation	 to	
antimicrobial	developments.	Mol	Microbiol	104.	
White,	C.I.,	Birtles,	R.J.,	Wigley,	 P.,	 and	 Jones,	 P.H.	 (2010)	Mycobacterium	 avium	 subspecies	
paratuberculosis	in	free-living	amoebae	isolated	from	fields	not	used	for	grazing.	Vet	
Rec	166:	401–402.	
Wright,	C.C.,	Hsu,	F.F.,	Arnett,	E.,	Dunaj,	 J.L.,	Davidson,	P.M.,	Pacheco,	S.A.,	et	al.	 (2017)	The	
Mycobacterium	 tuberculosis	MmpL11	 Cell	Wall	 Lipid	 Transporter	 Is	 Important	 for	
Biofilm	 Formation,	 Intracellular	 Growth,	 and	 Nonreplicating	 Persistence.	 Infect	
Immun	85:	e00131-17.	
Wu, S.,	Barnes,	P.F.,	Samten,	B.,	Pang,	X.,	Rodrigue,	S.,	Ghanny,	S.,	et	al.	(2009)	Activation	of	the	
eis	 gene	 in	 a	 W-Beijing	 strain	 of	 Mycobacterium	 tuberculosis	 correlates	 with	
increased	SigA	levels	and	enhanced	intracellular	growth.	Microbiology	155:	1272–81.	
Yamaryo-Botte,	Y.,	Rainczuk,	A.K.,	Lea-Smith,	D.J.,	Brammananth,	R.,	Peet,	P.L.	van	der,	Meikle,	
P.,	et	al.	 (2015)	Acetylation	of	Trehalose	Mycolates	 Is	Required	 for	Efficient	MmpL-
Mediated	Membrane	Transport	in	Corynebacterineae.	ACS	Chem	Biol	10:	734–746.	
	
	 	
MATERIALS	AND	METHODS	
Bacterial	strains,	plasmids	and	growth	conditions	
A	 clinical	 isolate	 of	 M.	abscessus	 subspecies	 massiliense	 smooth	 variant	 (43S)	 and	
M.	chelonae	type	strain	CCUG	47445	were	used	for	the	RNAseq	experiments.	Gene	deletions	
were	 performed	 in	 M.	abscessus	 subspecies	 abscessus	 CIP	 104536T	 smooth	 strain.	 Both	
M.	abscessus	CIP	strain	and	M.	chelonae	 type	strain	were	used	 to	perform	 in	vitro	survival	
and	 complementation	 tests	while	 gene	 deletions	were	 performed	with	M.	abscessus	 CIP	
strain.	M.	abscessus	strains	and	M.	chelonae	strains	were	routinely	grown	aerobically	at	37	
°C	and	32°C	 respectively,	 in	Middlebrook	7H9	medium	 (Sigma-Aldrich)	 supplemented	with	
0.2%	 glycerol,	 1%	 glucose,	 and	 250	 mg/L	 kanamycin	 (Thermo	 Fisher	 Scientific)	 when	
necessary,	with	25	mg/L	zeocin	(Thermo	Fisher	Scientific)	for	the	knockout	strains,	and	with	
25	 mg/L	 zeocin	 plus	 250	 mg/L	 hygromycin	 (Thermo	 Fisher	 Scientific)	 for	 complemented	
strains.	A.	castellanii	(ATCC	30010)	was	grown	at	room	temperature	without	CO2	in	peptone	
yeast	 extract	 glucose	 (PYG)	 broth	 for	 the	 amplification	 of	 the	 strain.	 J774.2	 cell	 line	was	
grown	and	used	as	described	(Le	Moigne	et	al.,	2016;	Roux	et	al.,	2016).	
	
Gene	deletion	and	complementation	
Deletion	of	genes	was	performed	using	the	recombineering	system	as	described	previously	
(Medjahed	 and	 Singh,	 2010;	 Bakala	N’Goma	 et	 al.,	 2015).	Growth	 of	 the	 KO	 strains	was	
checked	by	measuring	the	optical	density	of	bacterial	cultures	in	7H9	medium	supplemented	
with	glycerol	0.1%.	Complementation	was	performed	after	amplifying	and	cloning	genes	into	
the	integrative	plasmid	pMVH361	as	described	(Bakala	N’Goma	et	al.,	2015).	
	
	
RNA	isolation	and	RNA	sequencing	
Approximately	 107	 cells	were	 infected	 in	 50	mL	 tubes,	with	 low	 agitation,	without	 CO2.	
Amoebae	were	infected	at	100	MOI	at	32°C.	Mφ	were	infected	at	50	MOI	at	37°C.	Cells	were	
washed	3	 times	after	1	hour	of	 infection	and	 resuspended	 in	medium	supplemented	with	
amikacin	 250	 μg/mL	 and	 incubated	 for	 1	 hour	 to	 eliminate	 extracellular	 bacteria.	 Three	
additional	washed	were	performed	and	cells	were	 resuspended	 in	medium	 supplemented	
with	amikacin	50	μg/mL	for	the	rest	of	the	infection.	Amoebal	cells	were	harvested	4	h	and	
16	hpi	for	 intracellular	M.	abscessus	RNA	 isolation	and	16	 	hpi	for	 intracellular	M.	chelonae	
RNA	 isolation.	Mφ	were	harvested	16	hpi	 for	 intracellular	M.	abscessus	RNA	 isolation.	RNA	
isolation	was	 performed	 as	 described	 (Dubois,	 Laencina,	 et	 al.,	 2018).	 Briefly,	 cells	were	
lysed	 with	 a	 cold	 solution	 of	 Guanidium	 thiocyanate	 (GTC),	 N-Lauryl-sarcosine,	 Sodium	
citrate	+/-	Tween	80	plus	β-mercaptoethanol.	The	 lysates	 containing	 intracellular	bacteria	
were	collected,	centrifuged	and	RNA	was	isolated	from	the	bacterial	pellets	with	TRIzol.	The	
lysates	were	then	transferred	 into	2	mL	screw	tubes	containing	zirconium	beads	and	were	
conserved	at	 -80°C	 for	at	 least	1	day	 to	allow	 inactivation	of	RNAses	and	cells	dissolution.	
Bacteria	cells	were	disrupted	with	a	bead	beater	by	performing	to	round	at	6.500	rpm	for	25	
seconds,	followed	by	one	round	at	6.500	rpm	for	20	seconds.	Two	hundred	μL	of	chloroform	
isoamyl	was	 added	 and	 tubes	were	 immediately	mixed	 for	 10	 seconds.	 The	mixture	was	
centrifuged	at	13.000	rpm	for	15	minutes	at	4°C.	The	RNA	present	 in	the	upper	phase	was	
transferred	 to	a	 fresh	 tube,	and	precipitated	by	adding	0.8	 volume	of	 isopropanol.	Tubes	
were	 inverted	 twice	 to	 allow	 precipitation	 and	 kept	 at	 -20°C	 for	 at	 least	 2	 hours.	 The	
precipitated	RNA	was	 then	pelleted	by	centrifugation	at	13.000	 rpm	 for	30°C	at	4°C.	 	The	
pellet	was	washed	with	ethanol	(70%)	and	centrifuged	at	13.000	rpm	for	10	min	at	4°C.	The	
washed	 pellet	was	 air-dried,	 resuspended	 in	 RNase-free	water	 and	 stored	 at	 -80°C	 until	
cDNA	library	construction.		
Control	 RNA	was	 isolated	 from	 bacteria	 cells	 grown	 in	 amoeba	 or	Mφ	 infection	medium	
(mowat	and	DMEM	supplemented	with	10%	Fetal	Bovine	Serum	respectively).		
Biological	 replicates	were	 prepared	 to	 allow	 statistical	 comparisons	 of	 infected	 and	 non-
infected	samples.		
	
RNA	treatments	prior	to	library	preparation	and	library	preparation	
RNA	 samples	were	 treated	with	DNases	 (AMBION)	 to	 remove	DNA	contaminants,	purified	
with	 the	 RNA	 MEGAclear	 kit	 (Thermofisher),	 and	 depleted	 of	 ribosomal	 RNA	 with	 the	
riboZero	kit	(Illumina).	RNA	(total,	depleted,	purified)	 is	checked	on	the	Bioanalyser	system	
(Agilent)	for	its	quality	and	integrity.	cDNA	libraries	were	prepared	with	samples	displaying	a	
RIN	above	7.	RNA	 concentrations	were	measured	using	 the	nanodrop	 spectrophotometer	
(Thermo	Scientific)	and	the	Qubit	fluorometer	(Invitrogen).	Libraries	were	prepared	with	the	
TruSeq	Stranded	RNA	LT	prep	kit	cDNA	synthesis,	set	A	(Illumina)	which	consists	in:	(1)	RNA	
fragmentation,	 (2)	1st	 strand	cDNA	 synthesis	 (Reverse	 transcriptase	and	 random	primers),	
(3)	2d	strand	cDNA	synthesis	 (removal	of	the	RNA	template	and	synthesis	of	a	new	strand	
with	dUTP),	(4)	no	end	repair	step,	(5)	adenylation	of	3’	ends,	(6)	ligation	of	adapters	and	(7)	
enrichment	of	DNA	fragments.	Libraries	are	checked	for	concentration	and	quality	on	DNA	
chips	with	Agilent	Bioanalyzer.	More	precise	and	accurate	quantification	 is	performed	with	
sensitive	fluorescent-based	quantitation	assays	("Quant-It"	assays	kit	and	QuBit	fluorometer,	
Invitrogen).	
	
NGS	sequencing	and	data	analysis	
Sequencing	 and	 statistical	 analysis	were	 performed	 in	 the	 Transcriptome	 and	 Epigenome	
platform	 (PF2)	of	Pasteur	 Institute,	Paris,	France.	The	cDNA	 libraries	were	sequenced	with	
Illumina	 HiSeq	 2500	 system	 by	 performing	 an	 SRM	 run	 (SR:	 Single	 Read,	 PE:	 Paired-end	
Reads,	M:	multiplexed	 samples)	 of	 51	 cycles	with	 7	 index	 bases	 read.	 The	 quality	 of	 the	
sequencing	 was	 assessed	 with	 the	 external	 FastQC	 program	
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc).	 After	 the	 trimming	 of	
adapter	sequences,	reads	were	aligned	with	RefSeq	assemblies,	either	M.	abscessus	subsp.	
massiliense	 strain	 GO	 06	 assembly	 (GCF_000277775.2)	 or M.	chelonae	 CCUG	 47445	
assembly	 (���������������),	 using	 the	 Bowtie	 software	 (http://bowtie-
bio.sourceforge.net/index.shtml).	 Differential	 analysis	 of	 gene expression	 was	 performed	
using	 the	 R	 software,	 Bioconductor	 (Gentleman	 et	 al.,	 2004)	 packages	 including	 DESeq2	
(Love	 et	 al.,	 2014)	 and	 the	 PF2tools	 package	 (version	 1.2.12)	 developed	 at	 PF2.	
Normalization	and	differential	analysis	were	carried	out	according	to	the	DESeq2	model	and	
package	(version	1.10.0).	Genes	with	expression	changes	depicting	a	p-value	over	0.05	were	
removed	 from	 the	 analysis.	 Putative	 conserved	 genes	 of	 M.	abscessus	 43S	 genes	 and	
M.	chelonae	 in	M.	abscessus	 subsp.	abscessus	CIP	 strain	were	determined	by	Birectionnal	
Best	 Hit	 search	 using	 the	 Opscan	 software	 (http://wwwabi.snv.jussieu.fr/public/opscan/).	
(Differentially	 expressed)	 genes	 assignment	 to	 COGs	 was	 performed	 using	 the	 COG	
automatic	Classification	 from	 the	MicroScope	database	 (Vallenet	et	al.,	2009).	Percentage	
assignments	 between	 groups	 were	 compared	 by	 performing	 Fisher’s	 exact	 tests.	 GOE	
analyses	were	performed	with	the	topGO	R	package	(Bioconductor)	(Alexa	et	al.	2018).		
	
Quantitative	real-time	PCR	
qRT-PCR	were	performed	with	a	CFX96	 thermal	cycler	 (Bio-Rad).	Controls	without	 reverse	
transcriptase	were	done	on	each	RNA	sample	to	rule	out	DNA	contamination.	The	sigA	gene	
was	used	as	an	internal	control	(Bakala	N’Goma	et	al.,	2015).	Each	qRT-PCR	was	performed	
with	three	biological	replicates.	
	
In	vitro	survival	assays	
Survival	 of	 strains	 in	 amoebae	 and	Mφ	were	 performed	 as	 previously	 described	 (Dubois,	
Viljoen,	et	al.,	2018).	Survival	tests	of	KO	strains	were	performed	 in	duplicates	three	times.	
Confirmation	 of	 attenuated	 phenotypes	 and	 complementation	 tests	 were	 performed	 in	
triplicates	three	times.	
	
Phagosome	 acidification	 and	 phagosomal	 escape	 FRET	 assays	 Phagosome	 acidification	
Phagosome	acidification	and	phagosomal	escape	FRET	assays	and	phagosomal	escape	FRET	
assays	were	conducted	in	THP-1	cells	as	previously	described	(Simeone	et	al.,	2015;	Roux	et	
al.,	2016).	
	
Cell	death,	autophagy	and	ROS	production	assays	
Macrophage	death	 following	 infection	with	M.	abscessus	was	assessed	with	 the	Dead	Cell	
Apoptosis	Kit	with	Annexin	V	 FITC	 and	PI	 for	 flow	 cytometry	 (ThermoFischer).	Autophagy	
was	assessed	with	the	Premo™	Autophagy	Tandem	Sensor	RFP-GFP-LC3B	Kit	(ThermoFisher).	
ROS	production	by	macrophages	was	measured	with	the	MitoSOX	Red	kit	(ThermoFisher).		
	Infections	were	performed	as	previously	described	(Dubois,	Viljoen,	et	al.,	2018),	at	50	MOI.	
In	the	ROS	production	assay,	cells	were	infected	15	min	only.		
	
Bacterial	sensitivity	to	H2O2		
Sensitivity	to	H2O2	was	assessed	by	culturing	the	bacteria	in	7H9	medium	supplemented	with	
glycerol	 0,1%	 and	H202	 3%	 (Laboratoires	Gillbert)	 (20	 �M).	 CFU	 tests	were	 performed	 at	
different	 times	post-treatment	 (2	h,	4	h,	8	h)	 to	determine	 the	number	of	viable	bacteria	
compared	to	the	wt	strain	(Growth	Index).	
	 	
FIGURE	LEGENDS	
Figure	1:	Description	of	M.	abscessus	 transcriptomes	 in	Ac	 (A)	and	Mφ	 (C).	Differentially	
expressed	genes	(DEGs)	fold	change	(FC)	in	A.	castellanii	(Ac)	4	hpi	are	plotted	against	DEGs	
FC	16	hpi	(A).	DEGs	FC	in	Ac	16	hpi	are	also	plotted	against	DEGs	FC	in	macrophages	(Mφ)	16	
hpi	 (C).	DEGs	 from	quadrants	2	 (Q2)	and	4	 (Q4)	are	genes	regulated	 in	the	same	direction	
whereas	DEGs	from	Q1	and	Q3	are	genes	regulated	in	opposite	directions.	Dots	on	the	plot	
axes	 are	 genes	 regulated	 in	 one	 condition	 only.	 Proportions	 of	 DEGs	 in	 each	 case	 are	
quantified.	 M.	 abscessus	 adaptations	 to	 Ac	 (B)	 and	 Mφ	 (D)	 unraveled	 by	 COG	
categorization.	 Highly	 regulated	 genes	 were	 assigned	 to	 COGs.	 The	 genome	 assignation	
(framed	 in	black)	serves	as	a	reference	for	COG	enrichment	tests.	Fisher’s	exact	tests	were	
performed	to	compare	the	transcriptome	sets	and	the	genome	set	of	genes	assignments	to	
COG.	*	p<0.05.	**	p<0.01.	***	p<0.001.	****	p<0.0001.	
	
Figure	 2:	 Gene	 ontology	 enrichment	 analyses	 applied	 on	 M.	 abscessus	 intracellular	
transcriptomes.	
A.	Up-regulated	genes	in	Ac	16	hpi.	B.	Up-regulated	genes	in	Mφ.	C.	Down-regulated	genes	
in	Ac	 16	 hpi.	D.	Down-regulated	 genes	 in	Mφ	 16	 hpi.	Gene	onthology	 (GO)	enrichment	
analysis	was	performed	with	 the	 topGO	R	package.	Enriched	GOs	are	 sorted	according	 to	
their	enrichment	factor	(EF),	corresponding	to	the	ratio	of	significant	DEGs	assigned	to	the	
GO	over	expected	assigned	DEGs	to	the	GO.	Enriched	GOs	are	represented	by	circles	which	
size	 is	proportional	to	the	amount	of	significant	DEGs	assigned.	Positive	statistical	tests	are	
given	that	face	each GO.	Method	giving	the	smallest	p-value	is	underlined.	
	
	
Figure	3:	Intracellular	M.	abscessus	relies	on	fatty	acid	and	cholesterol	catabolism.	
DEGs	FC	of	genes	implicated	in	Central	Carbon	Metabolism	(CCM)	is	represented	on	a	Heat	
Map	ranging	from	blue	(down	DEGs)	to	red	(up	DEGs).	On	this	Heat	Map	both	M.	abscessus	
intra-amoebal	(Ac)	and	intra-macrophagic	(Mφ)	DEGs	are	depicted.		
	
Figure	4:	Regulation	of	genes	required	for	pathogenic	mycobacteria	survival	in	vitro.	
	Regulation	of	M.	abscessus	genes	conserved	in	M.	tuberculosis,	known	to	be	induced	and	to	
contribute	to	cellular	microbicidal	defenses	of	the	tubercle	bacillus	in	Mφ	(Mukhopadhyay	et	
al.,	2012)	 is	represented	on	a	Heat	Map	 in	a	blue	(repressed	genes)	to	red	(induced	genes)	
color	scale.	On	this	Heat	Map	both	M.	abscessus	 intra-amoebal	(Ac)	and	 intra-macrophagic	
(Mφ)	DEGs	 are	 depicted	 and	 divided	 in	 categories:	 «	broad	 transcription	 regulators	»	 and	
genes	implicated	in	the	response	to	various	intracellular	stress	(«	Multiple	stress	response	»,	
«	Heat	 Shock	 response	»,	 «	Molecular	 chaperones	»,	 «	DNA	 damage	 repair	 enzymes	»,	
«	Response	to	low	O2	/	NO	»,	«	Low	iron	response	»,	«	Response	to	oxidative	stress	»).		
	
Figure	 5:	 Comparative	 transcriptomic	 analyses	 allow	 identifying	 genes	 required	 for	
M.	abscessus	survival	in	amoebae	and	macrophages.	
A.	Intracellular	survival	of	selected	KO	(∆OP)	in	A.	castellani	(Ac)	and	macrophages	(Mφ).	
B.	 Over-expression	 of	 4	M.	abscessus	 virulence	 genes	 (left	 panel)	 in	M.	 chelonae	 and	
impacts	 on	 M.	 chelonae	 replication	 in	 macrophages	 (right	 panel).	 FC	 values	 from	 M.	
chelonae	transcriptome	in	Ac	16	hpi	are	compared	to	FC	values	mid-log	phase	cultures	of	M.	
chelonae	 strains	overexpressing	M.	abscessus	genes	 (left	panel).	 Cells	were	 infected	at	10	
MOI	and	colony	forming	units	(CFU)	tests	were	performed	0	and	3	dpi.	The	relative	growth	
of	each	strain	as	compared	to	M.	abscessus	wt	(Growth	Index,	GI)	 is	given.	All	experiments	
were	 repeated	 twice	or	more,	 in	duplicates	 (A.)	or	 triplicates	 (B).	Statistical	analyses	were	
performed	 with	 GraphPad	 PRISM6.	 Histograms	 with	 error	 bars	 represent	 means	 ±	 SD.	
Differences	 between	means	 were	 analyzed	 by	 ANOVA	 and	 the	 Tukey	 post-test	 allowing	
multiple	 comparisons	 to	 be	 performed.	 ns	 =	 non-significant.	 *	 p<0.05.	 **	 p<0.01.	 ***	
p<0.001.	****	p<0.0001.	
	
Figure	 6:	 M.	 abscessus	 eis2	 gene	 is	 essential	 for	 survival in	 macrophages	 and	 shares	
functions	with	M.	tuberculosis	eis	conversely	to	M.	abscessus	eis1.	
A.	Intracellular	survival	of	M.	abscessus	eis2	KO	strain	(∆eis2MAB)	and	complementation	in	
macrophages	(Mφ).	B.	 Intracellular	survival	of	M.	abscessus	eis1	KO	strain	(∆eis1MAB)	and	
complementation	 in	Mφ .	Macrophages	were infected	at	10	MOI	and	colony	 forming	unit	
(CFU)	tests	were	performed	at	several	times	post-infection	(0,	1,	3	and	5 dpi).	C.	Control	of	
ROS	 production	 by	 M.	abscessus	 Eis2.	 ROS	 production	 by	 Mφ	 was	 assessed	 by	 flow	
cytometry	with	 the	Mitosox	 Red	 kit,	 15	min	 post-infection	 at	 50	MOI.	 D.	 Sensitivity	 of	
M.	abscessus	eis2	KO	strain	to	hydrogen	peroxide	(H2O2).	Sensitivity	to	H2O2	was	assessed	
by	incubated	bacterial	cultures	with	H2O2	20	μM	during	8	h.	The	amount	of	survival	cells	was	
determined	by	performing	CFU	tests	at	several	hours	post-infection	(2,	4,	8	hpi).	E.	Control	
of	 phagosomal	 rupture	 by	 M.	abscessus	 Eis2.	 Phagosomal	 rupture	 was	 assessed	 by	
performing	a	Fluorescence	energy	transfer	(FRET)	analysis	as	previously	described	(Simeone	
et	al.,	2015).	Results	are	depicted	as	 signal	overlays	per	group	with	1,000,000	events	per	
condition	acquired	 in	not	 infected	 cells	 (NI	 cells),	Heat	 killed	M.	abscessus	 (HK),	wild-type	
M.	abscessus	 (Mabs	 wt),	 KO	 strains	 (Δeis2MAB),	 KO	 strains	 complemented	 with	 eis2MAB	
(C.eis2MAB).	All	experiments	were	 repeated	 twice	or	more	 in	 triplicates.	Statistical	analyses	
were	performed	with	GraphPad	PRISM6.	Histograms	with	error	bars	represent	means	±	SD.	
Differences	 between	 means	 were	 analyzed	 by	 ANOVA	 and	 the	 Tukey	 post-test	 allowing	
multiple	 comparisons	 to	 be	 performed.	 ns	 =	 non-significant.	 *	 p<0.05.	 **	 p<0.01.	 ***	
p<0.001.	****	p<0.0001.	
	 	
SUPP.	FIGURE	LEGENDS	
Sup.	Figure	1:	DESeq2	statistical	analyses.	
A.	 M.	 abscessus	 transcriptomes	 in	 A.	 castellanii	 4	 and	 16	 hpi.	 B.	 M.	 abscessus	
transcriptome	in	macrophages	16	hpi.	C.	M.	chelonae	transcritome	in	A.	castellanii	16	hpi.	
Hierarchical	clustering	of	raw	data	(left	panel)	and	transcriptome	heatmaps	(right	panel)	are	
depicted.	
	
Sup.	 Figure	 2:	 Comparison	 of	 M.	 abscessus	 transcriptomes	 in	 A.	 castellanii	 and	 in	
macrophages	according	to	differentially	expressed	genes	fold	change.	
A.	Differentially	expressed	genes	 (DEGs)	were	categorized	according	 to	 their	 fold	change	
(FC)	expressed	in	Log2.	Low	DEGs	depict	a	FC	under	|2|,	Med	DEGs	depict	a	FC	between	|2|	
and	|4|	and	High	DEGs	depict	a	FC	higher	 than	|4|.	B.	Ratio	of	UP	DEGs	 to	DOWN	DEGs	
were	represented	during	co-cultures	with	A.	castellanii	(Ac)	and	macrophages	(Mφ ).	
	
Sup.	Figure	3:	Selection	of	M.	abscessus	genes	highly	induced	in	amoebae.	
M.	 abscessus	 highly	 induced	 genes	 in	 A.	 castellanii	 (Ac)	 were	 considered	 (n=77).	 Genes	
poorly	 induced	 in	 macrophages	 (Mφ)	 (filter	 1)	 and	 during	 M.	 chelonae	 co-culture	 with	
amoeba	(filter	2)	were	conserved	(n=45).	FC:	fold	change	(Log2	value).	
	
Sup.	Figure	4:	Verification	of	knockout	strains	growth	in	culture	medium	and	contribution	
to	virulence	in	macrophages.	
A.	 KO	 strains	 growth	 in	 culture	 medium.	 The	 strains	 were	 cultured	 in	 7H9	 medium	
supplemented	 with	 glycerol	 0.1%	 for	 seven	 days.	 Growth	 curves	 were	 obtained	 by	
measuring	 the	 cultures	 optical	 density	 each	 day.	 B.	 Complementation	 of	 M.	abscessus	
∆OP2,-3,-4	 and	 -6	 strains	 in	 macrophages.	 Macrophages	 were	 infected	 at	 10	 MOI.	
Experiments	were	 repeated	 three	 times	 in	 triplicates.	 Statistical	analyses	were	performed	
with	 GraphPad	 PRISM6.	 Histograms	 with	 error	 bars	 represent	 means	 ±	 SD.	 Differences	
between	 means	 were	 analyzed	 by	 ANOVA	 and	 the	 Tukey	 post-test	 allowing	 multiple	
comparisons	to	be	performed.	ns	=	non-significant.	*	p<0.05.	**	p<0.01.	***	p<0.001.	****	
p<0.0001.	
	
Sup.	Figure	5:	Conservation	of	M.	abscessus	eis	loci	in	Mycobacterium	tuberculosis	and	vice	
versa.	
A.	 Conservation	 of	 M.	 abscessus	 eis1	 locus	 in	 M.	 tuberculosis.	 B.	 Conservation	 of	
M.	abscessus	eis2	 locus	 in	M.	tuberculosis.	C.	Conservation	of	M.	tuberculosis	eis	 locus	 in	
M.	abscessus.	Bidirectional	Best	Hit	(BBH)	search	was	performed	between	M.	abscessus	and	
M.	tuberculosis	genomes	with	the	Opscan	software.	BBHs	are	depicted	by	arrows	filled	with	
red,	brown	or	orange.	Brown	arrows	correspond	to	MmpL-encoding	genes.	Orange	arrows	
correspond	to	MmpS-encoding	genes.	Greys	bands	link	genes	or	groups	of	genes	conserved	
in	the	two	species.		
	
Sup.	Figure	6:	Expression	of	M.	abscessus	eis	genes	 in	macrophages	4	and	16	hpi.	Eis1MAB	
(left	 panel)	 and	 eis2MAB	 (right	 panel)	 expression	 in	macrophages	was	measured	 twice	 in	
triplicates	by	quantitative-real	time	PCR	by	normalization	with	the	sigA	housekeeping	gene.		
	
Sup.	Figure	7:	Intracellular	phenotypes	uncontrolled	by	M.	abscessus	eis2	genes.	
A.	Cell	death.	Macrophage	death	 following	 infection	with	M.	abscessus	was	assessed	with	
the	 Dead	 Cell	 Apoptosis	 Kit	 with	 Annexin	 V	 FITC	 and	 PI	 for	 flow	 cytometry.	 B.	 Cell	
autophagy.	Cell	autophagy	was	measured	with	the	Premo	Autophagy	Tandem	Sensor	RFP-
GFP-LC3B	 Kit. At	 least	 40	 cells	 per	 condition	were	 analyzed	 by	 confocal	microscopy.	 The	
number	of	autophagic	particules	per	 cell	 (left	panel)	and	acidification	of	autophagosomes	
(right	 panel)	 was	 determined	 with	 the	 Fiji	 software.	 C.	 Phagosomal	 acidification.		
Phagosomal	 acidification	 was	 assessed	 as	 previously	 described	 (Roux	 et	 al.,	 2016).	
Macrophages	were	 infected	 at	 10	 (C)	 or	 50	MOI	 (A	 and	 B).	 Histograms	with	 error	 bars	
represent	means	±	SD.	Differences	between	means	were	analyzed	by	ANOVA	and	the	Tukey	
post-test	allowing	multiple	comparisons	to	be	performed.	ns	=	non-significant.	*	p<0.05.	**	
p<0.01.	***	p<0.001.	****	p<0.0001.	
	 	
Table	1:	Regulation	of	M.	abscessus	mycolate	synthesis	operon	in	Ac	and	Mφ .	
Mma	gene	 Encoded	protein	 Mabs	gene	 FC	Ac	4	hpi	 FC	Ac	16	hpi	 FC	Mφ	16	hpi	
MYCMA_RS13950	 Acyl	carrier	protein	 MAB_2027	 -3.28	 -2.91	 0.00	
MYCMA_RS13945	 3-oxoacyl-ACP	synthase	(Kas	B)	 MAB_2028	 -2.68	 -2.24	 0.00	
MYCMA_RS13940	 Beta-ketoacyl	synthase	 MAB_2029	 -2.95	 -4.48	 0.00	
MYCMA_RS13935	 3-oxoacyl-ACP	synthase	(Kas	A)	 MAB_2030	 -3.80	 -3.15	 0.00	
MYCMA_RS13930	 Beta-ketoacyl	synthase	 MAB_2031	 -2.92	 0	 -1.60	
MYCMA_RS13925	 3-oxoacyl-ACP	reductase	 MAB_2032	 -2.16	 0	 -1.85	
MYCMA_RS13920	 Thioesterase	 MAB_2033	 -2.09	 0	 0.00	
MYCMA_RS13915	 Malonyl	CoA-ACP	transacylase	 MAB_2034	 -2.09	 0	 0.00	
MYCMA_RS13910	 Acyltransferase	 MAB_2035	 0	 0	 0.00	
MYCMA_RS13905	 Membrane	protein	(MmpS)	 MAB_2036	 -1.16	 0	 -1.06	
MYCMA_RS13900	 Hypothetical	protein	(MmpL)	 MAB_2037	 -0.68	 -0.86	 0.00	
MYCMA_RS13895	 Transporter	 MAB_2038	 0	 0	 0.00	
MYCMA_RS13890	 Lipase	(LipH)	 MAB_2039	 0	 0.86	 -0.72	
	
Table	2:	Deleted	operons	in	M.	abscessus	CIP	104536T.	
	 	
Operon	ID	 Mabs	gene	 Protein	encoded	 IP5	motif	analysis	on	hypothetical	proteins	
OP1	
(2231455)	 MAB_4664	 Hypothetical	protein	 No	IPR	
OP2	
(395711)	
MAB_1242c	 Hypothetical	protein	 No	IPR	
MAB_1243c	 Hypothetical	protein	 IPR035568:	ABC	transporter.	FecCD/TroCD-like	
MAB_1244c	 Hypothetical	protein	 No	IPR	
MAB_1245c	 Hypothetical	protein	 No	IPR	
MAB_1246c	 Hypothetical	protein	 No	IPR	
MAB_1247c	 Hypothetical	protein	 IPR005531:	Alkaline	shock	protein	Asp23	
OP3	
(2230454)	 MAB_1517c	 Probable	O-methyltransferase	Omt	 	
OP4	
(396003)	
MAB_2649	 Putative	membrane	protein.	MmpS	family	 	
MAB_2650	 Putative	membrane	protein.	MmpL	family	 	
OP5	
(2231454)	 MAB_4663	 Hypothetical	protein	 No	IPR	
OP6	
(2231514)	 MAB_4791c	 Hypothetical	protein	
Twin-arginine	translocation	pathway.	Signal	
sequence	
OP7	
(2229980)	 MAB_0086	 Taurine	catabolism dioxygenase	 	
OP8	
(395598)	 MAB_0734	 Hypothetical	protein	
Leukocidin/porin	MspA	superfamily	
(036435)	
OP9	
(396109)	
MAB_3132c	 Membrane	protein	 No	IPR	
MAB_3133c	 Hemin	transporter	 	
MAB_3134c	 Transcriptional	regulator	 	
OP10	
(2231416)	 MAB_4509c	 Hypothetical	protein	 No	IPR	
OP11	
(22311420)	 MAB_4532c	 Hypothetical	protein	 N-acetyltransferase	Eis		(016181)	
Supp.	Table	1:	Differentially	expressed	genes	identified	with	the	DEseq2	package.	
	
	
Transcriptomes	 Down	DEGs	 Up	DEGs	 Tot	 CDS	cover	
Mabs,	Ac	4	hpi	 1218	 1355	 2573	 56%	
Mabs,	Ac	16	hpi	 1095	 1122	 2217	 49%	
Mabs,	Mφ	hpi	 1646	 1671	 3317	 73%	
Mchel,	Ac	16	hpi		 1186	 1949	 3835	 80%	
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Summary
Mycobacterial genomes contain large sets of loci
encoding membrane proteins that belong to a family
of multidrug resistance pumps designated
Resistance-Nodulation-Cell Division (RND) perme-
ases. Mycobacterial membrane protein Large (MmpL)
transporters represent a subclass of RND transport-
ers known to participate in the export of lipid compo-
nents across the cell envelope. These surface-
exposed lipids with unusual structures play key roles
in the physiology of mycobacteria and/or can act as
virulence factors and immunomodulators. Defining
the substrate specificity of MmpLs and their mecha-
nisms of regulation helps understanding how myco-
bacteria elaborate their complex cell wall. This review
describes the diversity of MmpL proteins in myco-
bacteria, emphasising their high abundance in a few
opportunistic rapid-growing mycobacteria. It reports
the conservation of mmpL loci between Mycobacte-
rium tuberculosis and non-tuberculous mycobacte-
ria, useful in predicting the role of MmpLs with
unknown functions. Paradoxically, whereas MmpLs
participate in drug resistance mechanisms, they rep-
resent also attractive pharmacological targets, open-
ing the way for exciting translational applications.
The most recent advances regarding structural/
functional information are also provided to explain
the molecular basis underlying the proton-motive
force driven lipid transport. Overall, this review
emphasises the Janus-face nature of MmpLs at the
crossroads between antibiotic resistance mecha-
nisms and exquisite vulnerability to drugs.
Introduction
Efflux pumps are membrane proteins that actively trans-
port a wide array of compounds across the bacterial
envelope and are classified into distinct superfamilies (Li
et al., 2015): the ATP-binding cassette (ABC), major facili-
tator superfamily (MFS), small multidrug resistance
(SMR), multidrug and toxic-compound extrusion (MATE)
and resistance nodulation cell division (RND) families.
MFS, SMR, MATE and RND proteins are typically ener-
gised by the proton motive force (PMF). Among the RND
superfamily of transporters (Tseng et al., 1999), the myco-
bacterial membrane protein Large proteins (MmpL) have
emerged during the last few years as key actors in the
elaboration of the cell envelope of mycobacteria and the
closely related corynebacteria. The genome of Mycobac-
terium tuberculosis encodes 14 annotated MmpL proteins
(Cole et al., 1998) whereas the genome of Corynebacte-
rium glutamicum encodes only four MmpL-like transport-
ers, designated CmpL (Yang et al., 2014). Consistent with
other RND proteins, such as the well-characterised multi-
drug efflux pump AcrB, the active component of the major
efflux system AcrAB-TolC of Escherichia coli (Nikaido and
Takatsuka, 2009; Eicher et al., 2014), the MmpL/CmpL
transporters require the inner membrane electrochemical
proton gradient for activity as well as predicted topological
features (Tseng et al., 1999; Yang et al., 2014; Li et al.,
2014; Chim et al., 2015; Bernut et al., 2016). However,
unlike the AcrAB-TolC system that mediates the efflux of
exogenous compounds, the MmpL/CmpL proteins essen-
tially appear to export endogenous lipophilic molecules
with a relatively narrow substrate specificity (Sz"ekely and
Cole, 2016; Chalut, 2016).
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Among the MmpL members of M. tuberculosis,
MmpL3, involved in the transport of trehalose-
monomycolate (TMM), is encoded by the only essential
mmpL gene (Grzegorzewicz et al., 2012; Varela et al.,
2012; Li et al., 2016; Degiacomi et al., 2017). MmpL11
coordinates the transport of monomeromycolyl diacyl-
glycerol (MMDAG) and mycolate ester wax (Pacheco
et al., 2013). Both MmpL3 and MmpL11 have also been
reported to participate in heme import (Tullius et al.,
2011; Owens et al., 2013). MmpL4 and MmpL5 share
redundant functions in siderophore export and are
essential for siderophore-mediated iron acquisition
(Wells et al., 2013). MmpL7 mediates the transport of
phthiocerol dimycocerosate (PDIM) (Jain and Cox,
2005) whereas MmpL8 transfers the sulfolipid SL-1 to
the cell envelope (Converse et al., 2003; Seeliger et al.,
2012). More recently, MmpL10 was reported to partici-
pate in the translocation of acylated trehaloses (Belardi-
nelli et al., 2014). In comparison with M. tuberculosis,
MmpLs in non-tuberculous mycobacteria (NTM) have
been given little attention, except for MmpL4a and
MmpL4b reported to transport glycopeptidolipids (GPL)
to the bacterial surface in Mycobacterium abscessus
and Mycobacterium bolletii (Medjahed and Reyrat,
2009; Bernut et al., 2016). All these unique (glyco)lipids,
interspersed in the mycomembrane, contribute to the
integrity of the cell envelope, regulate membrane perme-
ability and play important physiological functions, such
as defining the shape of the bacilli. By providing
mechanical and osmotic protection, these lipids partici-
pate in mycobacterial pathogenesis (Jackson, 2014).
Therefore, due to the proper localisation of these lipids
in the membrane, their transport by MmpLs is crucial for
full expression of virulence in pathogenic mycobacteria.
Consequently, the MmpL-driven transport can be viewed
as a crucial process, outlining the MmpL transporters as
potential important virulence factors. Indeed, disruption
of several mmpL genes in M. tuberculosis (mmpL4,
mmpL5, mmpL7, mmpL8, mmpL10 and mmpL11) led to
significant growth attenuation in mice (Converse et al.,
2003; Lamichhane et al., 2005; Domenech et al., 2005).
Besides being involved in the elaboration of the com-
plex cell envelope, a few MmpL proteins, such as
MmpL5, have been shown to participate in the active
efflux of antitubercular drugs, including the recently
approved drug bedaquiline (Hartkoorn et al., 2014). As
orthologs of mmpL genes were recently identified and
characterised in NTM, especially in M. abscessus, noto-
rious for being extremely resistant to most antibiotics
and antitubercular drugs (Medjahed et al., 2010; Nessar
et al., 2012), the idea that MmpL efflux pumps may con-
tribute to the multi-drug resistance phenotype in these
species has recently emerged. Paradoxically, whereas
some MmpL members participate in drug resistance
mechanisms, others like MmpL3, are particularly vulner-
able to the action of several antitubercular agents identi-
fied in whole cell-based screens (Bailo et al., 2015).
MmpL3 is currently considered as a valid pharmacologi-
cal target leading to intense research dedicated to pro-
vide mechanistic and structural information to
understand the ability of MmpL proteins to transduce
the PMF into transport activity (Grzegorzewicz et al.,
2012; Li et al., 2014; Chim et al., 2015; Bernut et al.,
2016). Recently, structural studies using MmpL3,
MmpL11 or MmpL4a as prototypes led to important
insights into functional aspects of MmpL transporters,
unravelling the structural foundations required for the
rational design of novel or improved antimycobacterial
agents targeting these MmpLs.
The functional role of the MmpLs with respect to their
lipid substrates in building the complex cell wall has
been the focus of several excellent recent reviews
(Sz"ekely and Cole, 2016; Chalut, 2016) and will thus not
be presented in this article. As being mainly studied in
M. tuberculosis, MmpL transporters in NTM have only
recently started to receive attention, in spite of their
overrepresentation, particularly in rapid-growing myco-
bacteria (RGM). Therefore, this review focuses on a
comparative analysis of the MmpL proteins between
slow-growing mycobacteria (SGM) and RGM. Special
attention is also given to the recent advances made in
understanding their regulation as well as their contribu-
tion in drug resistance phenotypes. Data shedding new
light on MmpL structure and mechanism of transport
described in M. tuberculosis and M. abscessus are also
discussed. Finally, a description of the potential of
MmpL proteins as attractive drug targets for future drug
developments against mycobacterial infections will be
presented.
Abundance of MmpL proteins in slow- and rapid-growing
mycobacteria
MmpLs belong to the RND permeases superfamily on
the basis of topological features, amino acid sequences
and functional domains. M. tuberculosis MmpLs are
classified into the subgroups of hydrophobic/amphiphilic
efflux (HAE) family 2 (corresponding to RND family 5)
and HAE family 3 (corresponding to RND family 7)
(Sandhu and Akhter, 2015). All MmpL proteins contain
an MmpL domain as defined by the Hidden Markov
Model (HMM) profile from the Pfam database (Finn
et al., 2014). However, the mycobacterial MmpL archi-
tecture domains are complex, with more than 10 addi-
tional domains found in association with the MmpL
domain according to the InterProScan database (Mitch-
ell et al., 2015). The variation in length and position of
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the MmpL domain results in a high level of architecture
diversity among these proteins. The current HMM profile
provided by the Pfam database is built on thousands of
sequences from different genera. Consequently, it does
not reflect the specific diversity in mycobacteria. There-
fore, to compare the MmpL abundance among different
mycobacterial species, an HMM representative of myco-
bacterial MmpL proteins was built, allowing the identifi-
cation of MmpL proteins in 108 mycobacterial strains.
The mean number of MmpL per species is depicted on
a maximum-likelihood phylogenetic tree constructed with
61 out of the 76 species used in the current study
(Fig. 1). The MmpL mean number per strain ranged
from 5 to 29. A striking observation was that a higher
number of MmpLs were found in the RGM group when
compared with the SGM group (196 5 and 146 5,
respectively). Notably, Mycobacterium leprae presented
less MmpLs than the SGM group with five MmpLs on
average, probably linked to the phenomenon of gene
reduction that occurred in the genome of this mycobac-
terium due to its obligate intracellular lifestyle (Cole
et al., 2001). Inside the RGM, M. abscessus, Mycobac-
terium fortuitum and Mycobacterium smegmatis mono-
phyletic groups (or clades) form a superclade
corresponding to a ‘hot spot’ of MmpL abundance (Fig.
1). Indeed, the M. abscessus clade presented the high-
est number of MmpLs per RGM strain (276 2). The M.
fortuitum clade also had more MmpLs than most RGM
(236 2). In addition, when removing the M. abscessus
clade from the RGM group, the RGM MmpL numbers
decreased from 1965 to 176 4. However, only the
removal of both M. abscessus and M. fortuitum clades
from the RGM group brought the RGM MmpL number
to that of the SGM group (166 3), proving that these
two clades are the source of MmpL diversity in RGM.
Deciphering the function of these MmpLs might unravel
unique aspects of the M. abscessus and M. fortuitum
physiology and/or lifestyle.
In fact, the role of MmpLs in virulence has recently
been emphasised for some M. abscessus strains (Ber-
nut et al., 2014, 2016). From a functional perspective,
the particularly high abundance of MmpLs in M. absces-
sus might provide the bacterium with some physiological
advantage through increased gene dosage of MmpLs
performing similar functions. Alternatively, this advant-
age might be related to diversity in function: aside from
their well-known potential role in lipid transport, MmpLs
might mediate the uptake of deprived nutrients or
extrude toxic compounds in a hostile environment like
the macrophage phagosome. A focus on MmpL
genomic loci in M. abscessus (10 genes upstream/
downstream MmpL protein-coding genes) sheds some
light. Polyketide synthase (PKS) encoding genes, known
to play a key role in cell-wall lipid biogenesis (Quadri,
2014), were found within 4 mmpL loci. Fifteen loci con-
tained more than 2 proteins belonging to Cluster of
Orthologous Groups (COG) (Tatusov et al., 2000) M
(Cell wall/membrane/envelope biogenesis) and I (Lipid
transport and metabolism), 7 contained less than 2 pro-
teins belonging to COG M or I, and 5 did not contain
any proteins implicated in cell wall biogenesis or lipid
metabolism in general. In M. tuberculosis, all MmpLs
proven to be implicated in lipid transport and/or biosyn-
thesis are near to a PKS (Chalut, 2016). In M. absces-
sus, MmpL loci do not contain more PKS than M.
tuberculosis MmpLs loci, suggesting that M. abscessus
MmpLs may also perform other functions than lipid
transport.
It is believed that MmpL transporters are likely to
work in tight association with accessory partners that
modulate lipid export and/or couple export to biosynthe-
sis. However, it remains to be explored whether myco-
bacteria possess periplasmic membrane fusion-like
proteins (MFP) and channel-forming outer-membrane
factors (OMF) that, together with MmpL transporters,
constitute tripartite transport systems that allow extru-
sion of substrates through the inner and outer mem-
branes similar to Gram-negative bacteria (Nikaido and
Takatsuka, 2009). In the case of MmpL3, the export of
TMM is dependent on the action of the essential TmaT
mycolyl acetyltransferase (Yamaryo-Botte et al., 2015)
(Fig. 2A). MmpS proteins display no similarity to mem-
brane fusion proteins of Gram-negative bacteria. How-
ever, the close association of mmpS and mmpL genes
suggests that MmpS proteins may fulfil the role of MFPs
(Deshayes et al., 2010; Wells et al., 2013). GPL export,
for instance, involves two MmpL proteins (MmpL4a and
MmpL4b) whose activities are regulated by MmpS4 and
by an integral membrane protein (Gap) (Sond"en et al.,
2005), a transport system that shares similarities with
the siderophore export system of M. tuberculosis (Fig.
2B). Interestingly, MmpL multiplication goes along with
that of MmpS. Of note, 24 MmpS-coding genes, identi-
fied using a custom HMM MmpS profile built in a similar
fashion to our HMM MmpL profile, are found in M.
abscessus among which 20 genes are near to mmpL
genes. Thus, whatever the nature of the substrate (lip-
ids, metals, toxic compounds), the genomic context sug-
gests that MmpL-mediated transports might be
seconded by MmpS proteins.
Localisation of MmpL clusters and functional
conservation
An interesting genetic aspect of MmpLs is that the
genes encoding the enzymes and the MmpLs involved
respectively in the biosynthesis and export of a lipid are
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frequently found in dense clusters. These clusters are
often conserved in synteny among the mycobacterial
species. Here we show this synteny between a phyloge-
netically disparate set of model mycobacteria (M.
tuberculosis, M. leprae, M. avium, M. marinum, M.
abscessus and M. smegmatis) for which well curated
and fully annotated whole genome sequences are avail-
able and for which experimental data with regards to
Fig. 1. MmpL abundance among mycobacteria. Based on a multigene approach (Mignard and Flandrois, 2008), the phylogeny of 61
mycobacterial species was inferred by PHYML and aLRT (Guindon and Gascuel, 2003). The tree was rooted with Nocardia farcinica. The
aLRT statistic values over 0.5 are indicated at each node. Bar, 0.1 estimated nucleotide substitutions per site. RGM: rapid-growing
mycobacteria. SGM: slow-growing mycobacteria. MmpL proteins were identified using an HMM profile built with a seed of 35 mycobacterial
sequences representative of mycobacterial MmpL proteins. The mean number of MmpL is displayed next to each corresponding species. A
scale of MmpL abundance is depicted, which points out a ‘hot spot’ in the M. abscessus-M. fortuitum-M. smegmatis superclade.
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their lipid profiles have been generated (Fig. 3). The
well characterised GPL and trehalose polyphleate (TPP)
biosynthesis and transport gene clusters are found next
to each other in M. smegmatis (Burbaud et al., 2016).
Orthologs of many of the genes within these clusters,
including genes involved in the biosynthesis of GPL
(rmlA, gft1 and mps) (Billman-Jacobe et al., 1999; Miya-
moto et al., 2006; Ripoll et al., 2007) or of TPP (pks and
fadD23) (Burbaud et al., 2016) can be found in M. tuber-
culosis, M. avium, M. leprae and M. marinum that do
not produce either GPL or TPP. However, these genes
are spread throughout the genomes of these mycobac-
teria (Fig. 3A). On the contrary, in M. abscessus and M.
avium, both known to elaborate GPL and TPP (Burbaud
et al., 2016), the corresponding gpl and tpp gene clus-
ters are conserved colinearly. Interestingly, the M.
abscessus chromosome contains an additional GPL-like
cluster, which contains two non-ribosomal peptide
synthase-encoding genes, MAB_4690c and MAB_4691c
(cognate to mps1 and mps2), the MbtH-like protein-
encoding gplH gene, which is essential for GPL synthe-
sis (Tatham et al., 2012), the D-allo-threonine 6-
deoxytalosyltransferase-encoding gene gft1, mmpS4
and two mmpL4 homologues (Ripoll et al., 2009). While
most of the elements of the M. abscessus GPL-related
gene cluster have been validated for their role in GPL
synthesis or export (Pang et al., 2013), the contribution
of the second and reduced GPL cluster in lipid biosyn-
thesis in this organism remains undetermined. Similar to
the GPL cluster, the large cluster of genes responsible
for phthiocerol dimycoserosate (PDIM) and phenolic gly-
colipid (PGL) synthesis in M. tuberculosis is syntenic to
the corresponding loci in M. leprae and M. marinum,
which also elaborate PDIM and PGL. Orthologs of the
genes tesA that encodes a type II thioesterase, fadD26
encoding a fatty acid AMP-ligase and mas encoding a
mycocerosic acid synthase, all proven to be necessary
for PDIM synthesis (Alibaud et al., 2011; Yu et al.,
2012), are spread throughout the chromosomes of M.
abscessus, M. avium and M. smegmatis (Fig. 3B). The
splitting of this specific cluster might explain the
absence of PDIM and PGL in these species. Interest-
ingly, a cluster of at least 7 genes including the essential
mmpL3 gene and mmpL11 gene are conserved in syn-
teny among all mycobacteria investigated (Fig. 3C). The
strict conservation of mmpL3 in all species was antici-
pated as this gene has been shown to be essential in
M. tuberculosis and M. smegmatis, also due to its role
in the transport of mycolic acids, which are crucial com-
ponents of the mycomembrane (Domenech et al., 2005;
Grzegorzewicz et al., 2012; Varela et al., 2012). In the
heme import system, of which both MmpL3 and
MmpL11 are thought to be constituents (Owens et al.,
2013), the secreted protein encoded by Rv0203, a gene
found just downstream of mmpL11, transports heme
across the periplasm to the periplasmic domains of
MmpL3 and MmpL11. Another gene located in the
highly conserved mmpL3-mmpL11 synteny block and
encoding a putative acetyltransferase (Rv0228) has
been shown to acetylate TMM as a prerequisite to TMM
transport (Yamaryo-Botte et al., 2015; Belardinelli et al.,
2016). However, genes encoding the Pks13 involved in
the biosynthesis of TMM (Gavalda et al., 2014) and/or
involved in the synthesis of MMDAG are not found in
the mmpL3/11 cluster.
While all of the MmpLs that have been discussed in
this section so far are implicated in the biosynthesis and
or export of cell wall lipids, no lipid substrates have
been identified for MmpL4 and MmpL5, which, along
with their MmpS partners, transport the siderophores,
mycobactin and carboxymycobactin (Chavadi et al.,
2011; Wells et al., 2013). It is noteworthy that mbt1 and
Fig. 2. Model of the transmembrane translocation of TMM and
GPL.
A. TMM is first acetylated by the integral membrane protein TmaT
to generate AcTMM which is exported to the periplasmic space by
MmpL3, probably deacylated in the periplasm by an unknown
enzyme to form TMM. The latter is then routed to the Ag85
complex that is associated with the mycomembrane by a yet
unknown transport system consisting of proteins sharing similar
functions with the membrane fusion-like proteins (MFP) and a
channel-forming outer-membrane factor (OMF), to reconstitute a
tripartite transport system. The Ag85ABC complex metabolises
TMM into biologically active TDM and catalyses the mycolylation of
arabinogalactan of the mAGP complex, thereby contributing to the
elaboration of the mycomembrane. MmpL3 has also been
implicated in heme import.
B. In M. smegmatis or M. abscessus, GPL are transported by
MmpL4a and MmpL4b which require also MmpS4, acting as a
scaffold with MmpL4 proteins for the assembly of the GPL
biosynthesis megacomplex. This complex involves also a small
integral membrane protein named Gap (GPL addressing protein)
that is specifically required for the transport of the GPLs to the
mycobacterial surface. The presence of an OMF remains
speculative.
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mbt2, which encode the enzymes that synthesise myco-
bactin and carboxymycobactin, are located distantly on
the chromosome from both mmpL4 and mmpL5. In
addition, mmpL4 and mmpL5 themselves are separated
by about 200 kilobases. A syntenic conservation of the
two MmpLs involved in siderophore transport along with
the siderophore biosynthetic genes is thus not likely
between different mycobacteria. However, the mmpS
Fig. 3. Syntenic conservation of the mmpL-containing gene clusters in mycobacteria. The SyMAP 4.2 software, a synteny mapping and
analysis program, was used to visualise filtered anchors (corresponding elements) between a particular mmpL-containing gene cluster in a
reference genome and the full length subject genome (Soderlund et al., 2011).
A. Synteny of the GPL and TPP clusters of M. smegmatis (MSMEG) with the corresponding clusters in M. abscessus (MAB) and M. avium
(MAV). No co-linear conservation of the genes in these clusters of M. smegmatis is seen in the M. leprae (ML), M. marinum (MMAR) or M.
tuberculosis H37Rv (Rv) chromosomes. The GPL and TPP clusters within the MAB and MAV chromosomes are indicated with a small, green
and blue box respectively.
B. Synteny of the PDIM and PGL cluster of M. tuberculosis H37Rv with the corresponding clusters in ML and MMAR. No syntenic
conservation of the genes in this cluster of H37Rv is seen in the MAB, MAV or MSMEG chromosomes.
C. Synteny of the mmpL3-mmpL11 cluster of H37Rv with the corresponding clusters in all other mycobacterial chromosomes interrogated.
D. mmpS4 and a transcriptional regulator-encoding gene, Rv0452 near to M. tuberculosis mmpL4 are co-linearly conserved in other
mycobacteria.
E. mmpS5 is co-linearly conserved with M. tuberculosis mmpL5 in all investigated mycobacteria, except M. leprae in which the mmpL4 gene
exhibits some low-level homology to the mmpL5 of M. tuberculosis.
F. Syntenic conservation in mycobacteria of the mmpL13 gene cluster. The lines in red within gene clusters represent mmpL genes in A-F.
Panels in green highlight gene clusters involved in the biosynthesis and export of lipids, those in blue gene clusters involved in siderophore
export and the panel in light red represents a gene cluster containing an mmpL for which the function is unsolved.
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that precedes the mmpL4 as well as a gene encoding a
transcriptional regulator preceding mmpS4 appears to
be conserved in synteny between all mycobacteria (Fig.
3D). Similarly, mmpS5 is highly conserved in synteny
along with mmpL5 (Fig. 3E), but the gene that precedes
mmpS5, Rv0678 encoding a MarR transcriptional regu-
lator was only detected to be conserved co-linearly in
M. marinum. However, genes encoding transcriptional
regulators of the TetR family and bearing low protein
identity (< 25%) to MarR can be found upstream of
mmpS5 in M. abscessus, M. smegmatis and M. avium.
The fact that several MmpL-coding genes appear to
localise in gene clusters dedicated to the same biologi-
cal function might suggest that applying this type of syn-
teny analysis may help us sift the MmpL with likely
functions in lipid transport out from the large number of
MmpL with unknown functions. This would especially be
helpful in genetic studies of virulent species like M.
avium, M. ulcerans or M. abscessus containing at least
14, 16 and 27 mmpL genes each, most of which have
no known function. Although they are probably neither
important for survival nor for virulence in M. tuberculo-
sis, the functions of MmpL1, 2, 6, 9, 12 and 13 have not
yet been determined. Interestingly, the mmpL13 gene is
truncated in M. tuberculosis H37Rv resulting in two
open reading frames, mmpL13a and mmpL13b, in an
operon configuration (Fig. 3F). Because of this trunca-
tion, it is generally considered that the two products
would be non-functional. In a mexB mutant of Pseudo-
monas aeruginosa, it was demonstrated that the pres-
ence of both amino- and carboxyl-halves of MexB in a
complex is essential for transport activity (Eda et al.,
2003). Strikingly, the mmpL13a/mmpL13b operon is
conserved as a single open reading frame encoding a
protein with 12 transmembrane domains in M. absces-
sus, M. smegmatis, M. marinum and in M. avium. In
addition, a large number of genes in the close proximity
to mmpL13 in M. tuberculosis are conserved in synteny
between the six mycobacterial genomes investigated,
except for M. leprae in which no functional mmpL13
gene is present (Fig. 3F). The relatively close vicinity of
mmpL13a/mmpL13b to pimE and lpqW, elements
involved in the synthesis of the more decorated forms of
phosphatidylinositol mannoside (PIM) (Crellin et al.,
2008; Morita et al., 2006) might suggest a role for this
MmpL as the yet unidentified flipase involved in PIM
transport across the plasma membrane.
While there may be several possible reasons why
some mmpL genes are conserved in syntenic blocks,
one appealing explanation is that the close proximity of
the mmpL genes to other genes involved in related func-
tions provides a physical advantage to efficiently synthe-
sise and export the lipid substrates, for example their
co-localisation may facilitate coordination of expression
or complex formation. This has been proposed for the
GPL biosynthetic and transport machinery that form a
megacomplex, which produces and exports GPL in M.
smegmatis (Deshayes et al., 2010). In agreement with
these observations, several studies demonstrated that
biosynthesis and MmpL-dependent lipid transport are
coupled in mycobacteria (Converse et al., 2003; Jain
and Cox, 2005).
Proton motive force-driven transport enacted
by MmpL proteins
Recent bioinformatic analyses along with electron
microscopy studies have led to new knowledge with
respect to the potential secondary, three-dimensional
and quaternary structures of MmpL proteins. All MmpL
members are predicted to possess eleven or twelve
transmembrane (TM) helices (with the exception of
MmpL6 and MmpL13 in M. tuberculosis) where the first
five/six transmembrane helices form the first N-terminal
domain and the last six helices constitute the C-
terminus (Sandhu and Akhter, 2015) (Fig. 4A). These
two domains are separated by a single cytoplasmic helix
between TM6 and TM7 that is orientated in parallel to
the plasma membrane, in agreement with other RND
protein structures. Additionally, two periplasmic domains,
designated the porter domains, are located between
TM1 and TM2 and between TM7 and TM8 respectively
(Chim et al., 2015). Chim et al. proposed the subdivision
of M. tuberculosis MmpLs into two clusters: (i) Cluster I
grouping the vast majority of MmpL members, compris-
ing only D1/PN (PN stands for N-terminal porter
domain) and PC1/DC/PC2 (PC stands for C-terminal
porter domain) and (ii) cluster II consisting of MmpL3/
11/13 possessing an extra cytoplasmic D3 domain
(Chim et al., 2015) (Fig. 4A). The crystal structure of the
periplasmic D2 domain of MmpL11 has recently been
solved at very high resolution (Fig. 4B), emphasising the
structural resemblance with other RND porter domains
(Chim et al., 2015), and leading the authors to propose
the involvement of D1 and D2 in substrate binding (Tul-
lius et al., 2011). Domain D3 is predicted to be mainly
unstructured in MmpL3 but to adopt a more folded and
helical structure in MmpL11. While the role of domain
D3 has not yet been uncovered, its cytoplasmic localisa-
tion was supported by recent studies on MmpL3 local-
isation (Carel et al., 2014). Moreover, deletion of D3
failed to alter TMM translocation activity, suggesting that
it is dispensable for the transport activity of MmpL3
(Belardinelli et al., 2016). That this extra domain is
absent in MmpL3 of corynebacteria also questions its
functional relevance and contribution in TMM transport.
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Fig. 4. MmpL topology and homology modelling.
A. Predicted topology of MmpL proteins. Transmembrane helices are represented as blue and salmon cylinders. The cyan blue helix
orientated in parallel to the plasma membrane separates the two MmpL domains. Domains D1/PN and D2/PC (or PC1/DC/PC2) found in the
MmpL cluster I are shown in grey and black, respectively. The star represents the potential substrate binding sites. The cytoplasmic domain
D3 shown in white is only present in the MmpL cluster II.
B. Crystal structure of the M. tuberculosis MmpL11 D2 domain. Strands, helices and coils are coloured in magenta, blue and grey,
respectively.
C. Three-dimensional homology modelling of the M. bolletii MmpL4a monomer. The D1/PN and PC1/DC/PC2 domains are coloured in blue
and grey, respectively. Each transmembrane helix is coloured differently and their numbering is indicated.
D. Proposed homology model of the M. bolletii MmpL4a homotrimer. The three monomers represented as cartoons and transparent surfaces
are coloured magenta, green and pink. The different periplasmic domains are indicated. The putative position of the plasma membrane is
shown as a lipid bilayer.
E. Mapping of the residues proposed to participate in the proton relay in MmpL3 from M. tuberculosis.
F. Putative PIPD1 binding pocket in MmpL3 from M. abscessus. The residues surrounding PIPD1 are in the near proximity to those proposed
to be involved in the proton motive force.
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Several independent studies reported homology mod-
elling of MmpL proteins (Chim et al., 2015; Sandhu and
Akhter, 2015, 2016; Bernut et al., 2016) (Fig. 4C and
4D), built despite very low sequence homology to the
RND with available crystal structures. All these models
propose that, as found in other RND proteins, MmpL
transporters might be organised as homotrimers (Fig.
4D). Although care should be taken regarding the inter-
pretation and use of these modelled three-dimensional
structures, they have been very helpful to predict essen-
tial residues participating in the proton relay in MmpL3
and MmpL4a (Bernut et al., 2016). Functional comple-
mentation studies of a M. smegmatis mmpL3 conditional
mutant (Varela et al., 2012) with various M. tuberculosis
mmpL3 alleles demonstrated the essential role of ultra-
conserved residues, such as the Asp251 in TM4 or the
Asp640/Tyr641 pair in TM10, for the MmpL3 activity
(Belardinelli et al., 2016; Bernut et al., 2016) (Fig. 4E).
Additionally, using a similar approach Asp710 and Arg715
in TM12 have been shown to be crucial elements for
TMM transport (Belardinelli et al., 2016). Although the
direct role of these amino acids in the PMF still awaits
experimental proof, it is certainly conceivable that these
residues could convey protons, supported by the analogy
with the residues from TM4, TM10 and TM12 that are
critical for the proton relay of E. coli AcrB (Su et al.,
2006; Eicher et al., 2014). Recently, a single particle elec-
tron microscopy study unravelled the first low-resolution
(18A˚) three-dimensional structure of MmpL3 (CmpL1)
from C. glutamicum (Belardinelli et al., 2016). The elec-
tron density clearly attested to a trimeric symmetry
shape, confirming the homotrimeric architecture of the
transporter. This structure exhibits a central vestibule on
the three-fold axis accessible from both the cytoplasmic
and periplasmic sides and filled with hydrophobic resi-
dues, presumably enabling the channelling of host lipids
such as TMM. Additionally, a crevice defined by the TM
regions brought by the different subunits has also
been proposed as a potential path for TMM (Belardinelli
et al., 2016).
The so far well-described bacterial RND proteins are
those involved in the transport/efflux of small molecules
such as metal ions or antibiotics. Therefore, the trans-
port from the cytoplasm toward the outer membrane of
GPL/TMM/PDIM, which are much larger and hydropho-
bic molecules, remains difficult to envision. All RND pro-
teins work in complex with soluble and outer membrane
embedded proteins, such as AcrAB-TolC (Anes et al.,
2015). It is very likely that additional partners may inter-
vene in the transport/flipping mechanism of these very
large substrates. It has been shown that TMM acetyla-
tion by the TmaT acetyltransferase is essential for its
transport in C. glutamicum (Yamaryo-Botte et al., 2015)
and M. smegmatis (Belardinelli et al., 2016). TmaT,
being a membrane protein, might synergistically contrib-
ute along with MmpL3 to the TMM transport mecha-
nism. Strikingly, the M. tuberculosis MmpL7 PDIM
transporter lacks the ultra-conserved Asp/Tyr pairs in
TM4 and Asp in TM10 (Bernut et al., 2016) and might
therefore not be functional on its own, but might perform
its activity along with the LppX lipoprotein and the
DrrABC transporter (Cox et al., 1999), believed to pro-
mote PDIM translocation through the plasma mem-
brane. The respective contribution of these proteins in
the transport remains to be clarified.
Regulation of MmpL expression
The survival strategies developed by pathogenic myco-
bacteria are strongly linked to the presence of an
unusual cell envelope (Daff"e and Draper, 1998) and in
response to environmental changes, M. tuberculosis
activates or represses the expression of key genes to
promptly adjust to new conditions (Schnappinger et al.,
2003). Cell wall biosynthesis and remodelling are impor-
tant functions for M. tuberculosis to establish and main-
tain infection. This implies a subtle control of expression
of cell wall biosynthetic enzymes and transporters. Dis-
tinct mechanisms have been incriminated in the regula-
tion of MmpL expression/activity, either at a
transcriptional or at a post-translational level.
The MarR-like transcriptional regulator-coding gene
Rv0678 is adjacent to, and downstream of the mmpS5-
mmpL5 operon in M. tuberculosis. The crystal structure
of Rv0678 revealed a structure similar to members of
the MarR family of proteins. Unexpectedly, the structure
was solved in complex with a 2-stearoylglycerol mole-
cule, suggesting that this lipid is a natural substrate of
the regulator (Radhakrishnan et al., 2014). Biochemical
studies indicated a direct binding of Rv0678 within the
intergenic regions between mmpS5 and Rv0678, con-
sistent with a previous finding reporting altered mmpS5-
mmpL5 gene expression in strains carrying mutations in
Rv0678 (Milano et al., 2009). Moreover, direct binding of
Rv0678 was also found within the promoter regions of
mmpS2-mmpL2, mmpS4-mmpL4 and Rv0991-Rv0992.
The addition of an isomer of 2-stearoylglycerol reduced
the binding of Rv0678 to a target promoter probe, thus
confirming that in the presence of this lipid, Rv0678 is
unable to bind to its DNA target (Radhakrishnan et al.,
2014).
Among their wide range of cellular activities, including
osmotic stress, homeostasis, biosynthesis of antibiotics,
virulence and pathogenicity of bacteria, TetR regulators
are also known to modulate the expression level of mul-
tidrug resistance efflux pumps. The crystallographic
structures of two other regulators, Rv3249c and
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Rv1816, unravelled dimeric two-domain proteins with an
architecture related to those of TetR family members
(Delmar et al., 2015). Both proteins were co-crystallised
with saturated fatty acids, palmitic acid for Rv3249c and
an isopropyl lauric acid for Rv1816, which may repre-
sent natural ligands of these regulators. Purified
Rv3249c could bind directly to the promoter regions of
mmpS1 and mmpL3 and to an intragenic region of
mmpL11 (Delmar et al., 2015). Interestingly, the pres-
ence of a palmitic acid molecule buried within Rv3249c,
that appears incompatible with binding of the protein to
its cognate DNA ligand, was confirmed. Indeed, the
addition of the fatty acid reduced the DNA binding activ-
ity of Rv3249c. Similarly, purified Rv1816 was found to
directly bind to mmpL3, mmpL11 and to a lesser extent
mmpL7 probes. Overall, these studies demonstrated a
direct binding of several transcriptional regulators to the
mmpL intragenic and promoter regions, providing evi-
dence for a transcriptional control of mmpS/mmpL
expression. They also highlight that mmpL genes
expression is dependent on a complex interplay involv-
ing multiple transcription regulators and that ligand bind-
ing by Rv0678, Rv3249c and Rv1816 can make these
regulators incompatible with their corresponding cognate
DNA targets leading to derepression.
Protein phosphorylation/dephosphorylation represents
a central mechanism for transduction of specific signals
to various cellular processes, such as regulation of
growth, differentiation, mobility and survival. Signalling
through Ser/Thr phosphorylation has recently emerged
as a critical regulatory mechanism in prokaryotes. This
is particularly true in M. tuberculosis, which possesses a
large family of eukaryotic-like Ser/Thr protein kinases
(STPKs) (Av-Gay and Everett, 2000). During the last
decade, multiple mycobacterial STPK substrates, con-
nected to cell shape/division and cell envelope biosyn-
thesis, have been identified and the role of Ser/Thr
phosphorylation by STPK in regulating important cell
wall biosynthetic pathways has been delineated (Molle
and Kremer, 2010). Using an M. tuberculosis mutant
lacking the kinase domain of the PknD kinase, MmpL7
was identified as an endogenous phosphorylated sub-
strate (P"erez et al., 2006). This suggests that phospho-
rylation of MmpL7, and perhaps other MmpLs, could
regulate the deposition of cell wall-associated glycolipids
to the cell membrane.
MmpL proteins involved in drug resistance mechanisms
In their initial study, Domenech et al. were able to inacti-
vate 11 out of the 12 complete mmpL genes in M. tuber-
culosis H37Rv and each mutant was assessed for
growth kinetics and lethality in a murine model for
tuberculosis (Domenech et al., 2005). While four
mutants were found to be impaired in one or both meas-
ures of virulence (mmpL4, mmpL7, mmpL8 and
mmpL11), none of these mutants were affected in their
susceptibility/resistance profile to antitubercular drugs,
including the first-line drugs isoniazid (INH), ethambutol,
rifampicin and pyrazinamide as well as other drugs
known to be efflux substrates for RND proteins from
other organisms (Domenech et al., 2005). Although
these results suggested that MmpL proteins do not con-
tribute significantly to innate drug resistance in M. tuber-
culosis, mmpL7 conferred resistance to INH when
overexpressed in M. smegmatis (Pasca et al., 2005).
The INH resistance level decreased in the presence of
efflux pump inhibitors like reserpine and carbonyl cya-
nide m-chlorophenylhydrazone (CCCP). INH efflux from
M. smegmatis expressing mmpL7 was found to be an
energy-dependent process (Pasca et al., 2005). In an
independent study, it was found that efflux inhibitors
such as verapamil increased INH sensitivity in INH-
resistant strains exhibiting up-regulation of various efflux
pump genes such as efpA and mmpL7 (Rodrigues
et al., 2012). Moreover, studies on the antileprosy drug
clofazimine, of particular interest for the treatment of
multidrug-resistant tuberculosis (MDR-TB), has led to
the generation of clofazimine-resistant M. tuberculosis
mutants carrying mutations in the transcriptional regula-
tor Rv0678, the transcriptional repressor of MmpL5,
also designated MmpR5 for mycobacterial membrane
protein repressor 5 (Zhang et al., 2015). These muta-
tions were associated with the concomitant up-
regulation of mmpL5 and accounted not only for the
increased efflux of clofazimine but also of bedaquiline
(Andries et al., 2014; Hartkoorn et al., 2014), the first
drug to be approved in decades for the treatment of
MDR-TB. Numerous mutations in Rv0678 (Fig. 5A)
were found to lead to derepression of the mmpS5-
mmpL5 operon with subsequent transcriptional gene
upregulation of mmpS5 and mmpL5, resulting in resist-
ance to azoles through the active efflux of these com-
pounds by MmpL5 (Milano et al., 2009). This indicates
that clofazimine and bedaquiline may also be substrates
for this multi-substrate efflux pump. This hypothesis was
also supported by data demonstrating that general inhib-
itors of efflux, verapamil and reserpine, potentiate beda-
quiline activity in M. tuberculosis. An interesting
observation is the absence of the Rv0678-mmpS5-
mmpL5 locus in M. leprae (Fig. 3E), which may explain
why leprosy can be effectively treated with clofazimine,
for which resistance was never encountered. Very
recent studies also implicated MmpS5/MmpL5-mediated
efflux in antibiotic resistance in NTM. Mutations in the
mmpT5 encoded TetR repressor located ahead of the
mmpS5/mmpL5 operon in Mycobacterium intracellulare
898 A. Viljoen et al. !
VC 2017 John Wiley & Sons Ltd, Molecular Microbiology, 104, 889–904
were associated with modest resistance levels to beda-
quiline and clofazimine (Fig. 5B) (Alexander et al.,
2017). In addition, high resistance levels to a range of
thiacetazone derivatives with potent activity against M.
abscessus were found in spontaneous resistant mutants
harbouring SNPs or indels in the TetR upstream and
divergently orientated to one of three putative mmpS5-
mmpL5 operons (Fig. 5C). These mutations in TetR
resulted in high induction levels of the mmpS5 and
mmpL5 transcripts (Halloum et al., 2017). Compellingly,
over-expression of mmpS5/mmpL5 in these resistant
mutants did not result in cross-resistance to any other
antibiotics utilised to treat M. abscessus infections, high-
lighting the specificity toward the compound exported.
The presence of two other putative MmpS5/MmpL5-cod-
ing operons in M. abscessus (MAB_4311c-MAB_4310c
and MAB_4705c-MAB_4704c) may represent resistance
mechanisms through efflux of not yet known compounds
with anti-M. abscessus activity, or conversely may con-
tribute to the extremely high tolerance exhibited by M.
abscessus to a very broad range of antibiotics.
MmpL3 as an attractive antimycobacterial drug target
The essentiality of mmpL3 for growth in axenic media
and for establishing infection in human macrophages or
in a mouse model was recently demonstrated using con-
ditional knockdown mutants (Li et al., 2016; Degiacomi
et al., 2017). Moreover, depletion of MmpL3 had a rapid
bactericidal effect and rendered M. tuberculosis more
susceptible to MmpL3 inhibitors (Li et al., 2016). In this
context, MmpL3 was recently identified in multiple high-
throughput whole-cell screens as the target of several
antitubercular agents. Currently, it represents one of the
most promising antimycobacterial pharmacological tar-
gets and numerous chemical entities have recently been
shown to inhibit MmpL3 activity not only in M. tuberculo-
sis but also in NTM, thus opening a new field in the inhi-
bition of mycolic acid transport (Grzegorzewicz et al.,
2012; La Rosa et al., 2012; Tahlan et al., 2012; Lun
et al., 2013; Rao et al., 2013; Bailo et al., 2015; Dupont
et al., 2016). Notably, SQ109, identified in a combinato-
rial chemistry-based search for ethambutol analogues,
currently in phase III of clinical trials, was shown to
inhibit MmpL3 in M. tuberculosis (Tahlan et al., 2012). It
was also demonstrated that SQ109 treatment led to
inhibition of TDM synthesis and concomitant accumula-
tion of TMM and found that spontaneous SQ109-resitant
mutants contained single nucleotide polymorphisms
within mmpL3. Shortly thereafter, the pyrrole derivative
BM212 (La Rosa et al., 2012) and the adamantyl urea
AU1235 (Grzegorzewicz et al., 2012) with antitubercular
activity were found to target mmpL3 as resistant
mutants harboured mutated mmpL3 alleles. MmpL3
inhibitors act also synergistically with other anti-
tubercular drugs, which is of interest to efforts that aim
to reduce the duration of TB treatments (Li et al.,
2017).The divergent scaffolds from which these different
inhibitors were derived as well as their broad-spectrum
activity against non-mycolate producing bacteria and
fungal species, suggested that MmpL3 was probably not
the direct target of these inhibitors. Li et al. (2014) have
shown that SQ109 causes dissipation of the PMF in M.
tuberculosis, thus disrupting MmpL3 function. This
uncoupling effect has recently been addressed for sev-
eral antitubercular drugs targeting MmpL3 (Feng et al.,
2015). In a recent study, tetrahydropyrazo[1,5-a]pyrimi-
dine-3-carboxamide (THPP) was reported to inhibit
mycolic acid biosynthesis by targeting the enoyl-
coenzyme A (CoA) hydratase EchA6, instead of the pre-
viously assigned MmpL3 target (Cox et al., 2016),
despite the fact that multiple mutations in mmpL3 con-
ferred resistance to this inhibitor (Remui~n"an et al.,
2013). THPP inhibitors compete with CoA-binding
resulting in suppression of mycolic acid synthesis,
demonstrating that spontaneous resistance-conferring
mutations in mmpL3 can potentially obscure the actual
target identification of small inhibitors.
Recently, a new piperidinol-based compound, termed
PIPD1, exhibiting potent bactericidal activity against clin-
ical M. abscessus strains was identified. Treatment of
M. abscessus-infected zebrafish with PIPD1 correlated
with increased embryo survival and decreased bacterial
loads (Dupont et al., 2016). Whole genome analysis of
M. abscessus strains resistant to PIPD1 identified
Fig. 5. Mutations in the genes marR or tetR encoding
transcriptional regulators of the mmpS5-mmpL5 operon. Non-
synonymous mutations and frameshifts in (A) marR of M.
tuberculosis isolates resistant to azole, bedaquiline or clofazimine;
in (B) tetR of M. intracellulare isolates resistant to bedaquiline; in
(C) tetR of M. abscessus resistant to thiacetazone derivatives.
*indicates a stop codon, *fs indicates a frameshift mutation.
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several mutations in MAB_4508, encoding a protein
homologous to MmpL3. Subsequent biochemical analy-
ses proved that whilst de novo synthesis of mycolic
acids remained unaffected by PIPD1 treatment, the
compound was found to strongly inhibit the transport of
TMM, thereby leading to the inhibition of arabinogalac-
tan mycolylation (Dupont et al., 2016). In addition, map-
ping a large panel of distinct mutations conferring
resistance to PIPD1 on a MAB_4508/MmpL3 three-
dimensional homology model allowed identification of a
potential PIPD1-binding cavity (Dupont et al., 2016).
Unexpectedly, the residues Val613, Ile616 and Val617
present in TM10, that belong to the putative PIPD1-
binding cavity, are also located in the spatial vicinity of
the PMF-driven Asp625 and Tyr626 residues in TM10
and whose side chains face the other PMF essential
Asp265 residue in TM4 (Bernut et al., 2016) (Fig. 4F).
Binding of PIPD1 may thus destabilise key structural
elements and/or arrangements that are required for the
proton relay (Bernut et al., 2016). This may in turn abol-
ish the PMF and the transport of TMM across the mem-
brane, leading to the bactericidal effect of the
compound. Overall, this underlines a unique mode of
action in M. abscessus, resulting in the arrest of mycolic
acid translocation from the cytoplasm, where they are
synthesised, to the periplasmic side of the plasma mem-
brane for subsequent use in the formation of the
virulence-associated outer membrane trehalose-
containing glycolipids or essential transfer onto the cell
wall AG by the Ag85 complex. Of note, the N-benzyl-
60,70-dihydrospiro[piperidine-4,40-thieno[3,2-c]pyran]
reported to inhibit MmpL3 in M. tuberculosis (Remui~n"an
et al., 2013) is inactive against M. abscessus, indicating
that some MmpL3 inhibitors are species-specific. How-
ever, the work by Dupont et al. (2016) supports the view
of MAB_4508/MmpL3 as a promising drug target to be
further exploited against M. abscessus and presumably
also against other NTM. Indeed, effective drugs with
novel molecular targets are urgently needed to fight
these emerging pathogens. The natural resistance of M.
abscessus to most commonly available antibiotics seri-
ously limits chemotherapeutic treatment options, which
is particularly challenging for treating cystic fibrosis
patients infected with this RGM (Nessar et al., 2012).
Conclusion and future perspectives
An important observation arising from the present analy-
sis is that a higher number of MmpLs is found in the
RGM group than in the SGM group, and particularly in
the M. abscessus clade. This is corroborated by recent
comparative genomic studies indicating that M. absces-
sus evolves rapidly and continues to acquire new
genetic material for the adaptation to divergent environ-
mental conditions (Choo et al., 2014; Sapriel et al.,
2016). The capacity of M. abscessus to transition from a
smooth intra-macrophage-resistant form to a rough
extracellular form is likely to facilitate its capacity to
adapt and survive in the changing environments (Roux
et al., 2016). In this context, modulation of its cell wall
composition/architecture and its ability to extrude toxic
xenobiotics prevailing in its various habitats and hosts
may also be greatly aided by its high number of MmpL
transporters. The consequence of this large network of
efflux pumps may explain, at least partly, the intrinsic
resistance of M. abscessus to most antimicrobials (Nes-
sar et al., 2012). However, much remains to be learned
regarding the multiple and perhaps untapped functions
of the diverse family of proteins in NTM, particularly in
apprehending their contribution to the exquisite antibiotic
resistance profiles expressed by some NTM.
Important progresses have been made these last few
years in functionally and structurally characterising the
MmpL proteins involved in the export of surface-
exposed lipids in mycobacteria and corynebacteria.
Although these transporters are thought to mediate
translocation of the substrates across the plasma mem-
brane using the PMF as a source of energy, important
questions remain unaddressed. The description of the
proton pathway that energises these transporters is far
from being complete and awaits high-resolution struc-
tures as well as the development of functional assays.
Once achieved, this may also bring further insights to
explain the molecular basis of substrate recognition and
translocation, how the different inhibitors inhibit MmpL3,
and to define whether they have access to the same or
different binding cavities. The design of new and
improved chemotypes targeting MmpL3 for future anti-
mycobacterial drug developments would greatly benefit
from such structural and functional studies. Access to a
biochemical assay would undoubtedly be helpful as the
MmpL3 inhibitors are distinct pharmacophores, raising
the question whether they exert their activity through
specific inhibition of the MmpL3 transporter functions or
through indirect mechanisms, for example involving the
dissipation of the PMF (Li et al., 2014). The continuing
rise of MDR tuberculosis and the emergence of difficult-
to-treat NTM infections warrant the need for new drugs
with new modes of action that will shorten treatment
duration. In this regard, MmpL3 inhibitors may have sig-
nificant potential (Li et al., 2017). Since the export of
TMM requires the action of the essential TmaT mycolyl
acyltransferase, MmpL interactors such as TmaT may
represent potential drug targets that remain to be
explored. Additionally, targeting MmpL binding partners,
such as peptides exhibiting anti-virulence functions, may
also pave the way toward innovative approaches to
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combat mycobacterial infections. This view is supported
by work demonstrating that overexpression of the myco-
bacterial KdpF peptide, shown to interact with the trans-
membrane domains 2–6 of MmpL7 and MmpL10,
restricts intramacrophage growth and the ability of
mycobacteria to form cords (Gannoun-Zaki et al., 2013).
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Mycobacterium abscessus is a peculiar rapid-growing Mycobacte-
rium (RGM) capable of surviving within eukaryotic cells thanks to
an arsenal of virulence genes also found in slow-growing myco-
bacteria (SGM), such as Mycobacterium tuberculosis. A screen
based on the intracellular survival in amoebae and macrophages
(MΦ) of an M. abscessus transposon mutant library revealed the
important role of MAB_0855, a yet uncharacterized Mycobacterial
membrane protein Large (MmpL). Large-scale comparisons with
SGM and RGM genomes uncovered MmpL12 proteins as putative
orthologs of MAB_0855 and a locus-scale synteny between the
MAB_0855 andMycobacterium chelonae mmpL8 loci. A KO mutant
of the MAB_0855 gene, designated herein as mmpL8MAB, had im-
paired adhesion to MΦ and displayed a decreased intracellular
viability. Despite retaining the ability to block phagosomal acidifi-
cation, like the WT strain, the mmpL8MAB mutant was delayed in
damaging the phagosomal membrane and in making contact with
the cytosol. Virulence attenuation of the mutant was confirmed in
vivo by impaired zebrafish killing and a diminished propensity to
induce granuloma formation. The previously shown role of MmpL
in lipid transport prompted us to investigate the potential lipid
substrates of MmpL8MAB. Systematic lipid analysis revealed that
MmpL8MAB was required for the proper expression of a glycolipid
entity, a glycosyl diacylated nonadecyl diol (GDND) alcohol com-
prising different combinations of oleic and stearic acids. This study
shows the importance of MmpL8MAB in modifying interactions be-
tween the bacteria and phagocytic cells and in the production of a
previously unknown glycolipid family.
MMPL | Mycobacterium | abscessus | glycolipid | GDND
One major feature of pathogenic mycobacteria is their abilityto survive in phagocytic cells (1, 2), a property that is shared
with the rapidly growingMycobacterium abscessus (3, 4). The unique
and lipid-rich mycobacterial cell envelope is largely responsible
for the interactions with host immune cells, enabling the bacilli
to resist the harsh conditions and bactericidal processes encoun-
tered within the macrophage (MΦ), such as phagosome matura-
tion, nitrosative and oxidative stress, and nutrient deprivation (1, 2,
5–7). A large set of proteins participates in the biogenesis and
transport of a wide diversity of cell wall-associated (glycol-)lipids
(8–10). Impaired synthesis and/or transport of some of these lipids
render pathogenic mycobacteria more susceptible to the host im-
mune defenses (11–14). Mycobacterium tuberculosis mutants that
fail to synthesize or transport the cell wall-associated phthiocerol
dimycocerosates (PDIMs) show limited growth in the lungs of in-
fected mice (11). The structurally related phenolic glycolipids
(PGLs), which are unique to a few pathogenic species, are also re-
quired for optimal virulence in zebrafish ofMycobacteriummarinum,
a close pathogenic relative to M. tuberculosis (12, 15). Immune
evasion by M. tuberculosis and M. marinum also seems to be
mediated by PDIM, very likely through masking the underlying
pathogen-associated molecular patterns, and by PGL through
the involvement of a chemokine receptor 2-mediated pathway
with preferential recruitment and infection of permissive MΦ
while evading microbicidal ones (13).
In nontuberculous mycobacteria (NTM) such as Mycobacterium
avium, a slow-growing Mycobacterium (SGM), or M. abscessus, a
rapid-growing Mycobacterium (RGM), glycopeptidolipids (GPLs)
play an important role in NTM physiology and behavior toward
eukaryotic hosts (4, 16). A transition from a smooth (S) to a
rough (R) morphotype in NTM is associated with GPL loss (17–19)
that results in an exacerbated virulence phenotype in various cellular
and animal models (20–23). Isolation of the R variant is often
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associated with chronic and more severe disease in patients with
reduced pulmonary functions (4, 24–26). This is exemplified in
the case of M. abscessus, where the transition to an R morpho-
type is sufficient to confer a highly virulent phenotype in zebrafish
or mice (27, 28).
However, we recently showed, by looking at the differential
intracellular behavior of both S and R M. abscessus variants, that
GPLs confer a clear intracellular survival advantage to the S variant
compared with the R variant, including resistance to several cellular
antibacterial mechanisms, such as blockage of phagosomal acidi-
fication, and resistance to apoptosis and autophagy (4, 7).
Complementary to our study, GPLs were shown to inhibit apoptosis
in M. abscessus-infected MΦ by interacting with the mitochondrial
cyclophilin D (29).
These results further highlight how mycobacterial lipids fine tune
MΦ–M. abscessus interactions tomodulate the host immune response.
However, GPLs are common to all NTM, SGM, and RGM, and
M. abscessus belongs to the RGM group that comprises mainly
saprophytic species. However, unique lipids possibly involved in
the peculiar pathogenicity of M. abscessus remain to be identified.
To act as critical players in mycobacterial pathogenesis, these
complex lipids, usually synthesized within the cytoplasm, need to
be translocated through the cell envelope and exposed to the
bacterial surface, a process that can require a wide repertoire of
lipid-specific transporters. Gap, a transmembrane protein partici-
pating in the transport of GPL through the plasma membrane, was
originally identified in Mycobacterium smegmatis (18). The last
decade has seen a mounting focus on the Mycobacterial membrane
protein Large (MmpL) permeases, which are a subclass of the
Resistance-Nodulation-cell-Division proteins containing 12 trans-
membrane domains (TMDs) and are known to translocate lipids
through the plasma membrane (30–32). Complex lipids thought to
be transported by MmpL proteins include PDIM (MmpL7),
sulfoglycolipid (MmpL8), diacyltrehaloses (DATs) and poly-
acyltrehaloses (MmpL10), monomeromycolyl diacylglycerol (MmpL11),
and trehalose monomycolate (MmpL3), all of which have been
implicated in M. tuberculosis virulence (31, 32). Additionally, the
essential MmpL3 transporter represents a promising pharmaco-
logical target in M. tuberculosis and M. abscessus (33–35). In
M. abscessus, we and others unraveled the specific role of MmpL4a
and MmpL4b in GPL transport by analyzing the S to R transition
in the three subspecies of the M. abscessus complex (17, 22, 36).
These MmpLs represent the only MmpL actors described so far
in M. abscessus virulence, despite the greater abundance of
MmpLs in the M. abscessus complex (4). Another group of
lipids, the trehalose-based polyphleates, present in many NTM
(37) has recently been proposed to contribute to the highly aggre-
gative phenotype of M. abscessus R (38), but a direct role in M.
abscessus virulence remains to be shown.
In continuation of our previous efforts to decipher the
mechanisms of pathogenicity of M. abscessus, we recently per-
formed a phenotypic screen of a transposon (Tn) mutant library
generated in M. abscessus subspecies (subsp.) massiliense in
amoebae and MΦ. This led to the discovery of the role of the
ESX-4 type VII secretion system (T7SS) in intracellular sur-
vival of M. abscessus (39). This genetic screen also disclosed the
MAB_0855 gene, encoding a yet uncharacterized MmpL. Herein;
we aimed at characterizing this MmpL, designated MmpL8MAB, as
well as its putative lipid substrate. We show the crucial role of
MmpL8MAB in intracellular survival and virulence ofM. abscessus in
various cellular and animal models. We also present a structural
description of a glycolipid family produced at reduced levels in the
absence of MmpL8MAB, thereby opening the way to promising fu-
ture translational applications.
Results
Identification of anmmpL Gene Crucial for Intracellular Survival ofM.
abscessus. A Tn mutant library constructed in the M. abscessus
subsp. massiliense 43S clinical isolate was originally screened for
survival in Acanthamoeba castellanii amoebae and in J774.2
murine MΦ (39); 7 of 47 mutants that exhibited a Growth Index
(GI) below 0.5 in MΦ compared with the WT strain carried a single
Tn insertion in genes involved in cell wall/membrane/envelope as-
sembly and/or lipid transport and metabolism as determinated by
cluster of orthologous groups (COG) analysis (COG M and I, re-
spectively) (Fig. 1 and Table 1). Interestingly, one mutant (55F6)
was highly attenuated in both amoeba and MΦ (GIs of 0.13 and
0.31, respectively) and was linked to only a general function (COG
R) (Fig. 1). By sequencing the Tn insertion site, we identified the
Tn-disrupted gene as MYCMA_0439 (SI Appendix, Table S1), iden-
tical to theM. abscessus subsp. abscessusATCC19977MAB_0855 gene,
which according to systematic annotation, encodes a putative
MmpL protein. The 55F6 mutant’s intracellular defect was further
confirmed by survival kinetics performed in amoebae and MΦ by
determining the cfu and the corresponding GIs (0.18 in amoebae
and 0.22 in MΦ) (SI Appendix, Fig. S1).
MAB_0855 Is Unique to the Mycobacterium chelonae Complex. Pri-
mary sequence analysis and 3D homology modeling indicate that
MAB_0855 presents the typical features of MmpL transporters,
possessing 12 helical TMDs as well as two extracytoplasmic loops
between TMD1/2 and TMD7/8, which are potentially implicated
in substrate binding (SI Appendix, Fig. S2).
Phylogenetic relationships among 31 MmpLs of M. abscessus
and 13 MmpLs of M. tuberculosis allowed the identification of
two M. abscessus MmpL-specific clades (light blue and red spots
in Fig. 2A), supporting the hypothesis of MmpL diversification in
M. abscessus (31). Tandem duplications occurred as illustrated
by the mmpL4 genes (mmpL4a and mmpL4b) (blue brackets in
Fig. 2A). MAB_0855 clustered with M. tuberculosis MmpL8 and
MmpL12 and to a lesser extent, with M. tuberculosis MmpL10 and
M. abscessusMAB_0937c (dark blue spot in Fig. 2A). MAB_0937c
is orthologous to MmpL10 in both RGM and SGM (Fig. 2B).
Neither phylogenetic reconstruction nor Bidirectional Best Hit (BBH)
search found putative orthologs of MAB_0855 in M. tuberculosis
(Fig. 2 A and B). However, an extensive mycobacterial BBH search
identified MmpL12 proteins inMycobacterium kansasii,Mycobacterium
gastri,M. smegmatis, and Mycobacterium mucogenicum as putative
orthologs to MAB_0855 (Fig. 2B). It is worth noting that, in these
mycobacterial species, MmpL12 was suggested to transport
lipooligosaccharides (LOSs) (40), which are absent in M. abscessus.
MAB_0855 Best Hit (BH) scores were low (under 60) except in the
M. chelonae complex (MCC; i.e., comprising the M. abscessus sub-
species and M. chelonae) and in Mycobacterium immunogenum, for
which the BH score was up to 96 (Fig. 2B). Finally, we failed to
identify any syntenic conservation in other mycobacteria of the re-
gion spanning fromMAB_0852 toMAB_0859, with the exception of
the M. chelonae mmpL8 locus (Fig. 2C); therefore, MAB_0855 was
designated mmpL8MAB. Quite notably, several genes from M. tuber-
culosis were syntenic to theM. abscessus genome upstream ofMAB_
0852 and downstream ofMAB_0859, suggesting that a deletion may
have occurred between these genes in M. tuberculosis, perhaps as a
consequence of the genomic reduction that occurred in the tubercle
bacillus (Fig. 2C).
Overall, the mmpL8MAB genomic environment revealed a
potential role in lipid biogenesis/transport, with a putative lipase/
esterase encoding gene (lipP) as well as two fad genes (fadA and
fadB) located upstream of mmpL8MAB (Fig. 2C). A polyketide
synthase (pks)-associated gene (papA2) as well as a putative poly-
ketide cyclase gene (MAB_0859), possibly participating in the bio-
genesis and assembly of a complex cell wall lipid (41), were also
found in close proximity to mmpL8MAB.
MmpL8MAB Plays a Critical Role in M. abscessus Intracellular Survival
and Virulence. To confirm the contribution of MmpL8MAB to M.
abscessus virulence, deletion mutants were generated in both the
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S and R variants of the M. abscessus ATCC19977-type strain by
allelic exchange of the mmpL8MAB ORF using the recombineering
strategy (42, 43) that replaces genes targeted for deletion with a
zeocin resistance cassette (SI Appendix, Fig. S3). The proper deletion
of mmpL8MAB was subsequently confirmed through a combi-
nation of PCR and sequencing analyses (SI Appendix, Fig. S3).
The corresponding mutant strains generated in the S or R back-
ground, hereafter referred to as SΔmmpL8MAB or RΔmmpL8MAB,
were complemented by transformation with an integrative plasmid
containing an intact copy of mmpL8MAB.
SΔmmpL8MAB exhibited a pronounced defect in intracellular
survival in murine MΦ compared with the WT or SΔmmpL8MAB-
complemented strains, and this alteration was already significant
at 1 day postinfection (dpi) (Fig. 3A). Functional complementation
of the mutant with the mmpL8MAB gene (ΔmmpL8::mmpL8MAB)
fully restored the WT phenotype, whereas complementation
with the Mycobacterium massiliense homolog MYCMA_0439
(ΔmmpL8::0439MMAS) only partially restored the effect (Fig. 3A).
These results indicate that the decreased viability of ΔmmpL8MAB
was not caused by a polar effect on the expression of the down-
stream genes. To get more insight into the biological functions of
mmpL8, we addressed whether the three “closest” homologs found
in M. tuberculosis (i.e., mmpL8, mmpL10, and mmpL12) (Fig. 2A)
may restore the intracellular defect of ΔmmpL8MAB. As shown in
Fig. 3B, a near-complete restoration of intracellular growth was
obtained with themmpL8MTB and mmpL12MTB genes but not with
mmpL10MTB. The intracellular growth defect of RΔmmpL8MAB was
also fully restored on complementation with mmpL8MAB (Fig. 3C).
Overall, these results show that MmpL8MAB is required for the
intracellular survival of both M. abscessus variants.
ΔmmpL8MAB Presents a Reduced Adhesion to MΦ and Is Impaired in
Phagosome-Membrane Rupture. The intracellular behavior of M.
abscessus resembles the intracellular lifestyle of a slow-growing
pathogenic species (4). In particular, scrutinizing the S and R
forms in MΦ highlighted the importance of the outer cell wall
layer in defining important physiological and ultrastructural
features of the phagosomal compartment/membrane. Disruption
of the phagosomal membrane enables the escape of the S variant
to establish cytosolic communications, thereby contributing to sur-
vival inside the host cells (4). In line with these earlier findings, we
investigated the possible mechanism(s) by which MmpL8 may
interact with MΦ.
The question of whether MmpL8 affects the adhesion of the
bacilli to the MΦ surface was determined by measuring the ad-
hesion capacity of SΔmmpL8MAB to MΦ using flow cytometry.
Cells with adherent bacteria formed a population that was well
separated from the nonadherent bacteria together with cellular
debris (Fig. 4A). A reproducible and significant twofold decrease
in ΔmmpL8MAB cell adhesion was observed compared with WT
and complemented strains (Fig. 4A).
We next addressed whether a functional MmpL8MAB partici-
pates in the inhibition of phagosomal acidification, known as a crucial
event for intra-MΦ survival of pathogenic mycobacteria (44). As
shown in Fig. 4B, WT M. abscessus, but not the heat-killed strain,
inhibited the intraphagosomal pH as reported previously (4).
ΔmmpL8MAB blocked phagosomal acidification in a manner similar
to the WT and ΔmmpL8MAB-complemented strains (Fig. 4B). This
indicates that it is very unlikely that the reduced intracellular survival
ofΔmmpL8MAB is connected to a defect in phagosomal acidification
and the subsequent maturation of the phagolysosome compartments.
To address the potential role of MmpL8MAB in phagosomal
membrane damage that leads to cytosolic communications, we
carried out an FRET-based assay recently adapted forM. abscessus
that allowed us to assay phagosomal membrane disruption (4). At
20 h postinfection (hpi), ΔmmpL8MAB was significantly reduced in
its ability to damage the phagosomal membrane, and this persisted
for longer time points (30 hpi) compared with the WT and
ΔmmpL8MAB-complemented strains (Fig. 4C). To further con-
firm the inability of ΔmmpL8MAB to establish contacts with the
cytosol, we evaluated the production of IL-1β (Fig. 4D), documented
as a biomarker of cytosolic M. tuberculosis (45–49). Consistently
Fig. 1. Identification of a putative MmpL required
for intracellular replication in both amoebae and MΦ
from a Tn library screen. Tnmutants impaired in their
intracellular survival compared with the WT strain GI
in amoebae and MΦ. Amoebae (A. castellanii) and
murine MΦ were infected at an MOI of 10 and lysed
at different dpi (2 and 3 dpi, respectively) before cfu
determination. The Tn insertion site was cloned to
identify the disrupted genes. Identified genes were
categorized with the COG classification. Mutants for
which the Tn insertion occurred in a gene implicated
in either lipid metabolism/transport or related pro-
cesses (COG M and I, respectively) and 55F6 unchar-
acterized (COG R) mutant putatively implicated in lipid
transport and metabolism are depicted.
Table 1. Genes disrupted by Tn insertion in M. massiliense 43S; attenuated in MΦ; and with a potential implication in cell wall
assembly, lipid transport, and metabolism
Tn mutants Tn-disrupted gene and corresponding encoded protein Corresponding gene and encoded protein in M. abscessus
44A6 MYCMA_2469: fabG MAB_4443: probable 3-oxoacyl-[acyl-carrier protein] reductase
47H4 MYCMA_09125: modD MAB_2436: conserved hypothetical protein
51H4 MYCMA_08185: mammalian cell entry protein mce None
52B6 MYCMA_0991: nitrate ABC transporter substrate-binding protein MAB_1915: probable fatty acid-CoA ligase FadD
55F6 MYCMA_0439: membrane protein MAB_0855: putative membrane protein, MmpL family
57C7 MYCMA_2554: acyl-CoA synthetase MAB_4626c: probable fatty acid-CoA ligase FadD
58C5, 58E5 MYCMA_0056: oxydoreductase MAB_0090c: probable oxidoreductase EphD
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Fig. 2. MAB_0855 transporter is specific to the MCC. (A) MAB_0855 phylogenetic position amongM. tuberculosisMmpL transporters. In this study, BH scores
were calculated with the Opscan program. A BBH between two proteins corresponds to a putative ortholog. M. abscessus and M. tuberculosis MmpL phy-
logeny was inferred by Maximum Likelihood using the PHYML software and the aLRT statistic from the Multiple Sequence Alignment of M. abscessus and
M. tuberculosis performed with Clustal. The aLRT statistical values over 0.9 are indicated. When a BBH was found between two proteins, the BBH score is
indicated in brackets. (Scale bar: 0.5 estimated amino acid substitutions.) (B) Conservation of MAB_0855 in mycobacteria. MAB_0855 and MAB_0937c BBHs
with MmpL proteins outsideM. abscessus strains are represented by check boxes (Left). BBHs of these foreign MmpLs withM. tuberculosis MmpLs, if any, are
indicated (Center). MAB_0855 and MAB_0937c hit scores, which give a clue on MAB_0855 and MAB_0937c level of conservation among mycobacteria, are also
depicted by a range of colors (Right). The lowest scores are depicted in blue; the highest scores are depicted in orange. (C) Conservation of MAB_0855 locus
among pathogenic and nonpathogenic mycobacteria. The chromosomal loci encompassing the relevant genes depicted in the figure were built with the
GenoPlotR package. Genes for which no BBHs were found are depicted in gray. Genes exhibiting BBH toward MAB_0855 locus genes and the two fad genes
upstream of the locus are depicted in color. A gray band links other BBH genes (in white).
4 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1812984115 Dubois et al.
with the FRET data, ΔmmpL8MAB was less potent at inducing
IL-1β production by infected MΦ compared with WT and
ΔmmpL8MAB-complemented strains. This effect, already seen at
3 hpi, persisted for at least 30 hpi and was dependent on the
caspase-1 pathway, as shown in SI Appendix, Fig. S4A, and based
on the presence of the mature form of IL-1β (SI Appendix, Fig.
S4B), it was not an artifact.
Taken collectively, these results indicate that the inactivation
of MmpL8MAB reduces its interaction with MΦ as well as its
ability to enter the cells; it also impairs the establishment of
cytosolic connections. Whether these cellular phenotypes are
translated into attenuation was next investigated using the re-
cently developed zebrafish model of infection (28).
MmpL8MAB Is Essential for Full Virulence of M. abscessus in Zebrafish.
Since M. abscessus R induces a more robust and lethal infection
in zebrafish compared with the S form (28, 50, 51), embryos were
infected with WT, RΔmmpL8MAB, and complemented strains
before the determination of the survival curves. While the R WT
strain led to rapid larval death (∼80% killing at 13 dpi) as reported
previously (28), ΔmmpL8MAB, which has retained its propensity to
produce cords (SI Appendix, Fig. S5), was attenuated in its virulence
(∼30% killing at 13 dpi) (Fig. 5A). Reintroduction of a functional
copy of the gene into ΔmmpL8MAB partially restored the virulent
phenotype to the level of the WT strain, thus linking MmpL8MAB to
M. abscessus virulence in zebrafish.
In addition to cording, a phenotypical trait conferring viru-
lence to the R variant in zebrafish (51) is granuloma formation,
which also represents a physiopathological sign of M. abscessus
infection in embryos, although it has been reported to occur in both
S and R variants (22, 28). We thus compared granuloma formation
after infection with WT R and S variants and ΔmmpL8MAB R and S
mutants. A striking reduction in the number of embryos with
granulomas (Fig. 5B, Left) as well as in the number of granulomas
per embryo (Fig. 5B, Right) was observed in ΔmmpL8MAB-infected
embryos. Partial restoration of the WT phenotype (embryos with
granulomas and number of granulomas per embryo) was observed
with the ΔmmpL8MAB-complemented strain (Fig. 5B). These di-
minished pathological signs were unrelated to the morphotype of
the mutant. Granuloma production is usually associated with
chronic rather than with acute infection. Therefore, this pheno-
typic characteristic is probably not incriminated in the increased
survival of the embryos infected with the mutant. However, since
granuloma formation is a consequence of cellular aggregation of-
ten linked to the surface properties of the mycobacterial cell wall
and/or the release of granulomatogenic compounds, notably lipids
(52), these results raise the question whether specific modifications
on the outer layer of M. abscessus are connected to a specific lipid
exported by MmpL8MAB.
MmpL8MAB Is Required for Production of a Glycolipid. A systematic
TLC-based approach for the whole range of apolar and polar
lipids was implemented; 1D TLC enabled the separation of abun-
dant glycolipids, such as GPL and trehalose dimycolate, and allowed
the identification of a chaplet of lipids with amounts that seemed to
be severely decreased in mutant 55F6 compared with its M. massi-
liense 43S parental strain (brackets) (Fig. 6A, lanes 1 and 2). The
same chaplet of lipids, with expression level that was affected in
55F6, was also decreased in SΔmmpL8MAB mutants compared with
their WT progenitors (Fig. 6A, lanes 3 and 4), and partial restora-
tion of the phenotype was observed for the complemented S strain
(Fig. 6A, lane 5). In particular, the abundance of one lipid assumed
to be exported by MmpL8MAB, migrating close to the GPL, was
markedly different between mutant and WT strains, which was
especially apparent in the R background devoid of GPL (Fig. 6B,
lanes 3 and 4). Restoration of the phenotype was also observed
for the complemented strain (Fig. 6B, lane 5). Restoration of
lipid production was further confirmed whenM. tuberculosis mmpL8
and -12, but not M. marinum mmpL7, were used to complement
ΔmmpL8MAB (SI Appendix, Fig. S6).
The MmpL8MAB Putative Substrate Is a Glucose-Containing Lipid. To
get insights into the structure of the MmpL8MAB substrate, the
lipid was first purified from the polar lipid fraction of M. abscessus
as a homogenous lipid fraction, Pa3 (Fig. 6C and SI Appendix, Fig.
S7). Monosaccharide and lipid composition analyses of the product
showed the presence of glucose (SI Appendix, Fig. S8), hex-
adecanoic (C16), and octanoic acid (C18), which established the
presence of a glucose-based glycolipid substituted by C18 and C16.
MALDI-MS analysis of the Pa3 lipid fraction showed a complex
pattern of signals with 28-amu increments dominated by signals at
m/z 959, 987, and 1015 (Fig. 6D) tentatively attributed to [M + H]+
ions of Glc1(C16)2, Glc1(C16)1(C18)1, and Hex1(C18)2, respectively,
all substituted by a yet unknown lipid moiety. MS2 fragmentation of
parent ions at m/z 987 showed that one Glc residue, one C18,
and one C16 could be independently cleaved from the parent ion.
C16 and C18 could be further independently cleaved from the [M-
Hex + H]+ fragment ion as established by MS3 fragmentation of
the fragment ion at m/z 825. This shows that C16 and C18 do not
A
B
C
Fig. 3. Elucidation of the mmpL8MAB role in M. abscessus virulence. In-
tracellular growth was assessed by cfu counting throughout the infection.
Murine MΦ were infected at 10 MOI with the SΔmmpL8MAB or with the
complemented strain carrying theMYCMA_0439 or themmpL8MAB gene (A),
the M. tuberculosis-closest homologs to M. abscessus mmpL8 (mmpL8MTB,
mmpL10MTB, mmpL12MTB; B), or mmpL10MTB (C); cfu histograms with error
bars represent means ± SD calculated using data from three independent
experiments. Differences between means were analyzed by two-way
ANOVA and the Tukey posttest, allowing multiple comparisons. ns, Non-
significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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esterify the Glc residue. Finally, MS4 fragmentation of the MS3
fragment ion [M-Hex-C18 + H]+ at m/z 541 generated a fragment
ion atm/z 285 (Fig. 6D) that could be equally assigned to [M +H]+
ions of octanoic acid CH3(CH2)16COOH or of nonadecyl alcohol
CH3(CH2)18OH. NMR analysis of the carbohydrate moiety showed
the presence of a heterogeneous H1/C1 signal at δ1H/13C 50.6–
5.2/94.2 that correlates on 1H-1H total correlated spectroscopy
(TOCSY) and 1H/13C heteronuclear single quantum coherence
(HSQC)-TOCSY spectra with an H2/C2 to H6/C6 monosaccharide
spin system assigned as α-Glcp in a terminal nonreducing position
(Fig. 6E), which establishes that the major Glc residue is not ester-
ified on any carbon. Accordingly, the absence of a β-anomeric signal
further suggests that the C1 position of α-Glcp is involved in an O
linkage. However, the low available quantity of compound pre-
cluded the 1H-1H nuclear overhauser effect (NOe) transfer from
the anomeric proton or 3JH,C connections by an
1H-13C hetero-
nuclear multiple-bond correlation (HMBC) experiment, and thus,
a final proof of the αGlcp-O-CH2-R linkage could not be provided.
As aforementioned, structural analysis by NMR data and MSn
fragmentation patterns suggest that the lipid is composed of an alkyl
α-glucopyranoside substituted by a C19 alkane chain diesterified by
two fatty acid chains. The fragmentation pattern of the parent ion at
m/z 987 established that it is substituted by one palmitic and one
stearic acid (Fig. 6D), whereas the parent ion atm/z 959 is substituted
by two palmitic acid chains (SI Appendix, Fig. S9). The exact position
of esterification sites on the alkyl chain could not be directly estab-
lished by NMR due to low quantities. Finally, the observation of
three 1H/13C signals with deshielded protons at δ 5.38/72.3, 5.18/69.4,
and 5.061/68.51 (Fig. 6E) strongly suggests the presence of other
forms of the lipid in which the Glc ring carbons are differentially
acetylated. This would retrospectively explain the chemical shift
heterogeneity of the anomeric signal of the αGlcp residue.
In summary, structural analyses established that the major
lipid with production that is severely affected by MmpL8MAB
deficiency consists of a heterogeneous family of Glc-containing
lipids in which Glc is linked to a diacylated lipid. All of the data are
consistent with the presence of a Glc alkylated with a C19 diol
esterified by different combinations of palmitic and stearic acids
(Fig. 6D), but they do not exclude the presence of additional related
compounds with further acylation sites on the glucose residue.
Discussion
NTM have recently emerged as important opportunistic patho-
gens responsible for severe lung diseases. Several studies have
reported the predominance of M. abscessus among RGM in
patients with cystic fibrosis (CF), chronic obstructive pulmonary
disease (53), underinhaled corticosteroid therapy, and bronchi-
ectasis (21, 54–58). The deleterious impact ofM. abscessus in the
degradation of lung function in CF patients has also been well
documented (26). To dissect important and specific mechanisms
of pathogenesis and to identify virulence determinants, we re-
cently screened a Tn mutant library in A. castellanii and un-
covered genes essential for M. abscessus intracellular survival
(39). This approach unraveled the crucial and unexpected role of
the ESX-4 locus for intracellular survival and phagosomal escape
(39). In continuation of these efforts, we present here the dis-
covery and preliminary characterization of MYCMA_0439 as an
additional factor required for the intracellular survival of M.
abscessus in both amoebae and MΦ. By focusing on its M.
abscessus subsp. abscessus counterpart (MAB_0855, mmpL8MAB),
we confirmed the contribution of MmpL8MAB in M. abscessus
virulence by first generating an mmpL8MAB deletion mutant
(ΔmmpL8MAB) and subsequently showing for this mutant attenu-
ation in intracellular survival, delayed cytosolic escape, and a
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Fig. 4. MmpL8MAB plays a crucial role inM. abscessus
interactions with cells by modulating M. abscessus
entry and its survival inside the cells. (A) Adhesion to
murine MΦ assessment by flow cytometry. MΦ were
cooled down to avoid bacterial internalization and
then infected with CFDA-SE–stained bacteria at an
MOI of 100 for 1 h at 4 °C with gentle agitation to
favor bacteria-to-cell contact. Nonadherent bacteria
were well separated from intact cells (Left), and a
substantial shift was observed for the cell population
with adherent bacteria (Right; infected cells). The
bacterial adhesion index is given that represents the
mean fluorescence intensity (MFI) of each population
with adherent bacteria reported to the MFI of the cells
infected with the WT strain. FSC represents forward
scatter and SSC represents side scatter. NI represents
noninfected cells. (B) Phagosome acidification test. MΦ
intraphagosomal pH after infection at an MOI of
10 was assessed by the mean FITC fluorescence mea-
surement (485 nm) combined with mCherry fluores-
cence (565 nm) of double-stained bacteria. The pH
along the infection is extrapolated from a pH stan-
dard curve. HK corresponds to heat killed bacteria. (C)
Intracellular behavior in human THP-1. Cells were in-
fected at an MOI of 10. The ability of bacteria to es-
tablish a contact with the cell cytosol was assessed by
FRET at 20 and 30 hpi. (D) Kinetics of IL-1β production
during THP-1 MΦ infection. The cellular response to
infection with M. abscessus WT, ΔmmpL8MAB, and
complemented strains was assessed by quantifying IL-1β
secretion. Histograms with error bars represent means ±
SD calculated using data from three independent ex-
periments. Differences between means were analyzed
by ANOVA and the Tukey posttest, allowing multiple
comparisons to be performed. ns, Nonsignificant. *P <
0.05; ***P < 0.001; ****P < 0.0001.
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reduced capacity to provoke zebrafish killing. Direct implication
of MAB_0855 (mmpL8MAB) in these impaired virulence phe-
notypes was confirmed by functionally complementing the
mutant phenotypes.
MmpL contribution to mycobacterial virulence was first repor-
ted inM. tuberculosis by the screening of a Tnmutant library for in
vivo survival deficiency (59). Genetic disruptions inM. tuberculosis
mmpL4, -5, -7, -8, -10, and -11 were correlated with attenuation in
mice (14). M. tuberculosis MmpL4 and MmpL5 were found to
transport siderophores that were crucial to cope with iron star-
vation in a mouse model of infection (60).M. tuberculosisMmpL7,
-8, -10, and -11 were shown to play a direct role in mycobacterial in
vivo survival by shaping the cell wall (61–63).
We show here the reduced production of a previously unde-
scribed glycolipid family, termed glycosyl diacylated nonadecyl
diol (GDND), in the absence of MmpL8MAB. The cell wall
composition and architecture modifications in the ΔmmpL8MAB
mutant, either due to the reduced GDND production and/or
altered levels of other lipid species, may explain changes in the
interactions between bacteria and MΦ, resulting in decreased
intracellular survival and virulence. These cell wall alterations in
the ΔmmpL8MAB mutant might also underlie the lower number of
granulomas formed in zebrafish independent of an SΔmmpL8MAB
or an RΔmmpL8MAB infection as already observed with other
deletion mutants in M. abscessus (33, 51).
A peculiar characteristic of M. abscessus is its very large
number of MmpL proteins, the highest among 108 mycobacterial
strains (31). This observation is particularly striking compared
with the SGM MmpL number, with twice the number of MmpLs
in the M. abscessus clade compared with M. tuberculosis complex
strains (31). Our phylogenetic studies corroborate these obser-
vations by individualizing twoM. abscessusMmpL-specific clades
(blue and red spots in Fig. 2A) and by highlighting tandem du-
plications (blue brackets in Fig. 2A).
Several MmpL members from M. abscessus clustered with
M. tuberculosis MmpL proteins as exemplified for MmpL8MAB
that clustered with M. tuberculosis MmpL8, -10, and -12, although
the phylogenetic distance was the highest with MmpL10TB.
M. tuberculosis MmpL10 is involved in the biosynthesis and
transport of DATs (64). Its closest homologs in M. smegmatis and
in M. abscessus (MAB_0937c) were also reported to transport
DATs but did not impact the intracellular persistence of M.
abscessus (37). We confirm here thatM. tuberculosis mmpL10 fails
to complement the intracellular phenotype of ΔmmpL8MAB. Only
transcomplementation of ΔmmpL8MAB with M. tuberculosis
mmpL8 and -12 restored the WT intracellular phenotype, and this
correlated with restoration of GDND production. This comple-
mentation is intriguing with regard to the lipid substrate transported.
MmpL12 of M. smegmatis is involved in the biosynthesis and/or
transport of LOS (40), which is no longer functional inM. tuberculosis
due to genomic reduction (65). Analysis of the syntenic conservation of
the M. abscessus mmpL8 locus indicated that it is not conserved
in M. smegmatis but dispersed across its genome (Fig. 2C). In
M. smegmatis, LOSs are presumably transported by MmpL12 (40).
However, most of the LOS locus fromM. smegmatis (MSMEG_4731–
MSMEG_4740) is not conserved in M. abscessus that does not
produce LOS. MmpL8 of M. tuberculosis is involved in the bio-
synthesis and/or transport of sulfolipid SL-1 (62), a lipid that is also
not present inM. abscessus. The restoration of lipid export was not
fully in agreement with the intracellular phenotypic behavior for all
complemented strains. Considering that the MΦ or amoeba assays
are stringent phenotypic assays, this difference reveals subtle sub-
strate differences that might correlate more to the described ge-
netic distances. This point might be solved by purifying each lipid
substrate as done for GDND to unravel these differences. In ad-
dition, MmpL8MAB and functional equivalent, M. tuberculosis
MmpL8 and -12, might fulfill another role in addition to trans-
port; they might be involved in the maturation of the exported
lipid, a function already reported for M. tuberculosis MmpL8 (62).
Of additional interest and to highlight scarcity of homologs of
MAB_0855, we could not find syntenic conservation of the
mmpL8MAB region in any otherMycobacterium, with the exception
of M. chelonae, hence providing a unique signature characteristic
of the MCC complex. When considering the genes surrounding the
locus, synteny was observed only in M. tuberculosis, suggesting that
the mmpL8MAB locus was lost in M. tuberculosis as part of the
genomic reduction that occurred in the tubercle bacillus.
In the M. tuberculosis genome, clusters harboring pks genes
have been implicated in lipid biosynthesis and assembly (41). Most
of these clusters also contain an MmpL-encoding gene that par-
ticipates in the biosynthesis/export of lipids. In M. abscessus, the
abundance of MmpL is not associated with a concomitant increase
in pks genes, suggesting additional roles for MmpL, such as in de-
toxification or drug efflux mechanisms as reported for M. tubercu-
losis MmpL5 (66) rather than contributing to cell wall elaboration.
From a structural perspective, GDND differs from PDIM by
the presence of standard fatty acids (a C19 diol core replacing
the phthiocerol and C16/C18 replacing the polymethylated
mycocerosic acids) and by the presence of a Glc residue linked to
the C19 diol. PDIM represents one of the most important cell
wall-associated lipids involved in M. tuberculosis virulence (67).
Transported by MmpL7MTB, it contributes to M. tuberculosis
escape from the phagosome independent of the pore-forming
activity of the ESX-1–secreted substrate EsxA (68). Likewise,
PDIM acts in concert with the ESX-1 T7SS (69) to promote
phagosomal escape. Notably, our original screen identified the
ESX-4 locus as a major contributor to M. abscessus virulence in
amoebae and MΦ. A deletion mutant of eccB4, which encodes a
A
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Fig. 5. The mmpL8 gene plays a role in M. abscessus in vivo survival and
virulence. (A) Survival curves of embryos. Embryos were injected into the
bloodstream with 200 cfu of tdTomato-expressing M. abscessus R (paren-
tal strain), RΔmmpL8MAB mutant, or the complemented strain RΔmmpL8::
mmpL8MAB (n = 20). Data are representative of two independent experi-
ments. (B) Kinetics of granuloma formation. Embryos were i.v. infected with
200 cfu of tdTomato-expressingM. abscessus R,M. abscessus S, RΔmmpL8MAB,
SΔmmpL8MAB mutants, SΔmmpL8::mmpL8MAB, or RΔmmpL8::mmpL8MAB.
Granulomas were then counted at 5 dpi. Histograms represent means ± SEM
values calculated from two independent experiments. The statistical test used
was the Fisher’s exact test (Left), and means were analyzed by ANOVA and the
Tukey posttest (Right). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Dubois et al. PNAS Latest Articles | 7 of 10
M
IC
RO
BI
O
LO
G
Y
core structural element of ESX-4, acidified phagosomes and showed
reduced signs of phagosome-to-cytosol contacts (39). By analogy
with the PDIM/ESX-1 machinery found inM. tuberculosis, one may
hypothesize that a similar mechanism involving the GDND/ESX-
4 system might be used by M. abscessus to escape the phagosomal
compartment. However, future studies will be required to test this
attractive hypothesis.
In conclusion, our study highlights the major role played by
MmpL8MAB in controllingM. abscessus virulence and production
of a family of glycolipids that seems unique to the MCC. As such,
this could be considered as the basis of diagnostic markers for
pulmonary infections caused by M. abscessus.
Materials and Methods
Strains, Cells, and Culture Conditions. Mycobacterial strains were grown aer-
obically at 37 °C in Middlebrook 7H9 and on 7H11 (Sigma-Aldrich) medium
supplemented with 0.2% glycerol and 1% glucose. When necessary, kanamycin,
hygromycin (Thermo Fisher Scientific), and zeocin (Thermo Fisher Scientific)
were added in the growth medium at 250, 1,000, and 100 μg/mL respectively.
Murine J774.2 (Sigma-Aldrich) MΦ were grown at 37 °C under 5% CO2 in
DMEM supplemented with 10% heat-inactivated FCS (FBS; Thermo Fisher
Scientific), penicillin (100 IU/mL), and streptomycin (100 IU/mL; Thermo
Fisher Scientific).
The human promonocytic cell line, THP-1, was maintained in RPMI
1640 glutamax (Thermo Fisher Scientific) and 10% heat-inactivated FBS at
37 °C under 5% CO2. For differentiation into monocytes, 10
6 THP-1 cells were
seeded into 12-well plates and activated with 20 ng/mL of Phorbol Myristate
Acetate (Sigma-Aldrich) for 72 h.
A. castellanii (ATCC30010) was grown in PYG Broth (70) for amplification.
Tn Mutant Selection and Identification of the Tn Insertion. Selection of Tn
mutants defective for growth in amoebae and MΦ and identification of the Tn
insertion site were performed as described previously (39). The Tn insertion
site was identified by nucleotide BLAST comparison against the Tn se-
quence and the M. massiliense GO 06 genome hosted by the National
Center for Biotechnology Information (NCBI). To confirm the BLAST results,
the disrupted region was amplified by PCR using purified genomic DNA obtained
from the mutant and a primer that hybridizes within the disrupted gene down-
stream of the Tn insertion site (SI Appendix, Table S1).
A
D
E
B C
Fig. 6. Production of a polar lipid is altered by de-
letion of mmpL8MAB. (A and B) TLC showing a di-
minished amount of a set of polar lipids in strains
lackingmmpL8MAB. Polar lipids extracted from freeze-
dried bacteria (A, S strain; B, R strain) were separated
by TLC using chloroform:methanol:water [90:10:1
(vol/vol/vol)] as the solvent system. TLCs were sub-
sequently stained with orcinol [0.1% (wt/vol) in a
20% (vol/vol) H2SO4 solution] and charred. The pres-
ence of a particular lipid (the lipid with structure that
was determined in this study; indicated with brackets) is
decreased in the S Tn MYCMA_0439 mutant and KO
ΔmmpL8MAB mutant, which is particularly evident in
the M. abscessus R background lacking GPL. (C) TLC of
lipids (named Pa3 lipid fraction) from the polar lipid
fraction of the R M. abscessus strain. The presence of
the particular lipid is again indicated with the bracket.
(D) MALDI-MS and MSn analyses of purified lipids by
successive fragmentations of relevant fragment ions.
(Row 1) MALDI-MS spectrum of purified lipid. (Row 2)
MS2 fragmentation spectrum of the parent ion at m/z
987. (Row 3) MS3 fragmentation spectrum of the
fragment ion [M-Hex + H]+ at m/z 825. (Row 4) MS4
fragmentation spectrum of the fragment ion [M-Hex-
C18 + H]+ at m/z 541. On top of the MALDI-MS spec-
tra, the structure of a major component at m/z
987 based on MSn, GC-MS, and NMR data is shown.
(E) Multidimension NMR spectroscopy analysis of the
purified lipid. (Top) 1H/1H TOCSY, (Middle) 1H/13C
HSQC, and (Bottom) 1H/13C HSQC-TOCSY NMR spec-
tra showing the spin system of the glycan moiety of
the purified lipid.
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MAB_0855 Gene (mmpL8MAB) and Locus Description. A motif analysis was
performed with InterProScan (71) to confirm that MAB_0855 belongs to the
mmpL family, and all proteins encoded by genes fromMAB_0845 toMAB_0864
were also submitted to InterProScan (71) to check their annotation and to
further predict the functions of their corresponding proteins when no func-
tional annotation was provided. M. abscessus and M. tuberculosis mmpL phy-
logeny was inferred by Maximum Likelihood using the PHYML software and the
approximate likelihood-ratio test (aLRT) statistic. MAB_0855 and MAB_0937c
phylogenetic comparison with other mycobacteria was performed by searching
putative orthologs with the Opscan program with the “-H” and “-O” options,
enabling the identification of a BBH (wwwabi.snv.jussieu.fr/public/opscan/). A
list of BHs was obtained by replacing the « -H » option with the « -S » option.
BHs displayed a score higher than 40. Conservation of the locus spanning
from MAB_0845 to MAB_0864 was assessed by a BBH search in the species
closest to M. abscessus: M. chelonae and M. immunogenum. Comparisons
with saprophytic (M. smegmatis), opportunistic (M. avium), and strictly path-
ogenic (M. tuberculosis) species were also performed. The loci were drawn
with the genoPlotR package (72).
Construction of the mmpL8MAB KO and Relative Complemented Mutants in the M.
abscessus Subsp. abscessus Type Strain. A KO was performed in the M. abscessus
subsp. abscessus S and R ATCC19977 strains using the recombineering approach
(36, 39, 42, 73, 74). Complementation was performed by electrotransforming
the mutant strains with the integrative vectors pMVH361::mmpL8MAB and
pMVH361::MYCMA_0439. Complementation studies with the closest homolo-
gous M. tuberculosis genes to M. abscessus mmpL8 [Rv1183 (MmpL10MTB),
Rv1522c (MmpL12MTB), and Rv3823c (MmpL8MTB)] were performed in a similar
fashion. Complementation study with theM.marinummmpL7MAR (MMAR_1764)
gene was also performed in a similar fashion but using the plasmid pMV306.
Lipid Analyses. For exploratory systematic lipid analysis, bacteria were cul-
tured in 100 mL LB medium without shaking for 2 wk to obtain mature
pellicles. These bacteria were collected by centrifugation, autoclaved, and
washed twice with PBS before they were lyophilized. Apolar and polar lipid
fractions were extracted from exactly 50 mg of freeze-dried material (R
ATCC19977 WT strain) and subsequently analyzed by thin-layer liquid
chromatography as previously described (75). For lipid purifications, expo-
nentially growing bacteria (S and R ATCC19977 WT, ΔmmpL8, and com-
plemented strains) were plated on 7H10OADC agar plates (100 μL per plate)
and incubated for 1 wk at 37 °C until a dense lawn of bacterial growth was
obtained. Subsequently, bacteria were collected using an inoculation loop,
suspended in PBS, autoclaved for 10 min at 121 °C, washed thrice with PBS,
flash frozen in liquid nitrogen, and freeze dried. Apolar and polar lipid
fractions were then obtained, and polar lipids were fractionated by two
rounds of liquid flash chromatography on a silica gel column (80 g, 50 mm)
using a chloroform:MeOH gradient (100:0–40:60). The lipid of interest was fi-
nally purified by preparative TLC in chloroform:methanol [9:1 (vol/vol)].
Monosaccharide composition was established by GC-flame ionization
detector (FID) and GC-MS analyses of trimethylsilylated methylglycosides
according to Kamerling et al. (76) using mesoinositol and scylloinositol as
internal standards. Fatty acids were released by methyl esterification with
0.5 M HCl in anhydrous methanol at 80 °C for 20 h, extracted with hep-
tane, and identified by GC-MS as fatty acid methyl esters. Intact glycolipids
were sequenced by MSn using an Axima Resonance MALDI quadrupole ion
trap TOF instrument (Shimadzu). The sample was dissolved in chloroform:
methanol [9:1 (vol/vol)] and mixed with 1 vol of a solution of 10 mg 2,5-
dihydroxybenzoic acid in 1 mL chloroform:methanol [2:1 (vol/vol)] before
spotting on an MALDI plate. The instrument was operated in positive ion
and reflectron mode. Fragment ions were analyzed by collision-induced
dissociation of the precursor ions, and argon was used as a collision gas.
Before NMR spectroscopic analyses, the sample was repeatedly exchanged
in CDCl3:CD3OD [2:1 (vol/vol); 99.97% purity; Eurisotop-Saclay] with in-
termediate drying and then dissolved in CDCl3:CD3OD [2:1 (vol/vol)].
Solution-state NMR experiments were recorded at 300 K on a Bruker
Avance 900 spectrometer equipped with a 3-mm triple-resonance cryo-
probe using Bruker standard pulse programs.
Infection, Adhesion, and Phagosomal Escape Assays. MΦ infection experi-
ments with the WT, ΔmmpL8, and complemented strains were performed as
described (4, 42).
Adhesion experiments to murine MΦ were performed by flow cytometry
based on the method described by Hytönen et al. (77). Before infection, log-
phase bacteria were stained with CFDA-SE 50 μM (Molecular Probes; Thermo
Fisher Scientific) for 20 min at 37 °C with end-over-end rotation, washed twice
with cold PBS, and kept on ice protected from light. In the meantime, MΦ
were washed twice with DMEM, scraped, and resuspended in DMEM. The cells
were incubated at 4 °C for 30 min with gentle agitation before the infection;
50,000 cells were infected with the bacterial strains at a high multiplicity of
infection (MOI) of 100 to favor bacteria-to-cell contacts and then incubated at
4 °C for 45 min with gentle agitation. The cell–bacteria incubations were
carried out in three parallel tubes, and the experiments were repeated twice
with new batches of MΦ and labeled bacteria. The fluorescence intensity of
the cells with adherent bacteria was measured with BD Fortessa equipment
(Becton Dickinson Biosciences). The data obtained from the flow cytometer
were analyzed using BD FACSDIVA software and the FlowJo software.
Phagosome acidification and phagosomal escape FRET assays were con-
ducted in THP-1 cells as previously described (78).
Cytokine Assays. IL-1β secretion was measured as previously described (79).
The FAM-FLICA caspase-1 Assay Kit (ImmunoChemistry Technologies) was
used to evaluate the presence of catalytically active forms of caspase-
1 p10 and p12. THP-1 cells were infected at an MOI of 10 for 3 h. As a
positive control of apoptosis induction, cells were incubated with 500 nM LPS
for 8 h at 37 °C. The adherent cells were gently dissociated with TrypLE
Express reagent (Gibco; Thermo Fisher Scientific) as recommended. Cells
were washed twice and resuspended in RPMI medium with 10% FBS before
staining with 30×XFam-Vad-Fmk for 30 min at 37 °C. To gate specifically on
differentiated intact cells, the cells were also stained with the CD11b anti-
body (78) before treatment with 5% paraformaldehyde (PFA). Fixed cells
were then analyzed by flow cytometry. The results are expressed as the
percentage of cells harboring the caspase-1 p10 and p12 active forms.
Zebrafish Infections. All zebrafish protocols adhered to the guidelines spec-
ified by the Direction Sanitaire et Vétérinaire de l’Hérault et Comité
d’Ethique pour l’Expérimentation Animale de la région Languedoc Roussil-
lon under the reference CEEA-LR-1145. All efforts were made to minimize
pain and discomfort according to European animal welfare regulations and
standard protocols. Infection experiments were done using tdTomato-
expressing M. abscessus strains and performed as described previously (28).
Mortality was determined by recording the number of dead embryos daily.
To evaluate granuloma formation, embryos at 5 dpi were embedded in 1%
low melting point agarose and transferred to a Zeiss microscope with a Zeiss
Plan NeoFluar Z 1×/0.25 objective for monitoring.
Culture for Cording. In total, 4 million cfu of mycobacteria were cultured in
1 mL of 7H9 supplemented with 1% glucose in a 24-well plate at 37 °C
without agitation until visualization of a bacterial film on the surface of the
medium. The plates were sealed with parafilm to avoid evaporation. The
formation of cords was checked by observation with an optical microscope
(SI Appendix, Fig. S5).
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Mycobacterium abscessus, a rapidly growing mycobacterium (RGM)
and an opportunistic human pathogen, is responsible for a wide
spectrum of clinical manifestations ranging from pulmonary to skin
and soft tissue infections. This intracellular organism can resist the
bactericidal defense mechanisms of amoebae and macrophages, an
ability that has not been observed in other RGM. M. abscessus can
up-regulate several virulence factors during transient infection of
amoebae, thereby becoming more virulent in subsequent respira-
tory infections in mice. Here, we sought to identify theM. abscessus
genes required for replication within amoebae. To this end, we
constructed and screened a transposon (Tn) insertion library of an
M. abscessus subspecies massiliense clinical isolate for attenuated
clones. This approach identified five genes within the ESX-4 locus,
which in M. abscessus encodes an ESX-4 type VII secretion system
that exceptionally also includes the ESX conserved EccE component.
To confirm the screening results and to get further insight into the
contribution of ESX-4 toM. abscessus growth and survival in amoe-
bae and macrophages, we generated a deletion mutant of eccB4
that encodes a core structural element of ESX-4. This mutant was
less efficient at blocking phagosomal acidification than its parental
strain. Importantly, and in contrast to the wild-type strain, it also
failed to damage phagosomes and showed reduced signs of
phagosome-to-cytosol contact, as demonstrated by a combination
of cellular and immunological assays. This study attributes an un-
expected and genuine biological role to the underexplored myco-
bacterial ESX-4 system and its substrates.
TVIISS-ESX4 | M. abscessus | survival
Mycobacteria and eukaryotic cells have a long-standing his-tory of pronounced host–pathogen coevolution. Although
the specialization in parasitism seems most advanced with My-
cobacterium tuberculosis, the etiologic agent of tuberculosis,
specific host-oriented adaptation processes also exist for several
nontuberculous bacteria (NTM) (1, 2). Environmental amoebae
represent a natural unicellular eukaryotic host and reservoir for
many pathogenic bacteria, such as Legionella, Chlamydia, and
Pseudomonas (3–6) and probably also for selected mycobacterial
species that can survive within amoebae (7). For example, My-
cobacterium marinum, a close relative ofM. tuberculosis, contains
different sets of virulence determinants that are tailored for
specific hosts (8). Moreover, the pathogenic potential of Myco-
bacterium avium and Mycobacterium abscessus increases through
passage in amoebae (9, 10).
M. abscessus is an emerging opportunistic pathogen responsi-
ble for muco-cutaneous infections of nosocomial origin (11–13)
as well as for severe lung infections, with cystic fibrosis (CF)
patients showing a particular susceptibility to infections with
this mycobacterium (14–19). The pathophysiological events of
M. abscessus infection are tightly associated with the transition from a
smooth (S) to a rough (R) morphotype (18, 20–23), which results
from a disruption in the biosynthesis and/or transport of glyco-
peptidolipids to the bacterial surface (24, 25). The R variant is mainly
isolated from humans during exacerbation of disease (26) and is more
virulent than the S variant in several animal models (23, 26, 27). In
addition, the R variant is also hyper-proinflammatory, a property that
has been linked to the expression of Toll-like receptor 2 agonists, such
as selected lipoproteins, at the bacterial surface (28). The ability of
M. abscessus to infect selected host cell types might also be linked to
the presence of selected virulence genes of nonmycobacterial origin
in its genome that were originally acquired by ancient horizon-
tal gene-transfer events from unrelated microorganisms, such
Pseudomonas aeruginosa, Burkholderia spp., or Stenotrophomonas
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spp. (29). Interestingly, these bacteria can also be found in amoebae
(30, 31) and share with M. abscessus the same pathophysiological
niche, such as the CF patient airways. Of interest, phospholipase C
and the magnesium transporter MgtC, which are often associated
with the intracellular survival capacity of diverse pathogens, have
been found to be induced inM. abscessus grown inside or in contact
with amoebae or macrophages (MΦ) (10, 32). These observations
suggest thatM. abscessus strains are equipped with a genetic arsenal
acquired during their evolution to survive within environmental
amoebae. The same genetic program might also help M. abscessus
cause infection in human cells. It is thus interesting to identify the
genes expressed by M. abscessus inside the amoeba, where it faces
the harsh and microbicidal conditions employed by host cells to
control bacterial infection. In this study, we sought to identify such
amoeba-induced survival (AIS) genes by using an M. abscessus
genome-scaleHimar mariner transposon (Tn) library (33) generated
in the M. abscessus subspecies massiliense clinical isolate 43S. By
selecting Tn mutants exhibiting decreased fitness and intraamoebal
survival capacity, we identified a selection of AIS gene candidates
that were subsequently monitored and validated for their impor-
tance in intracellular survival and growth in infected human MΦ.
This allowed the definition of a unique “core” of genes required by
M. abscessus to survive in both its environmental (amoeba) and
human (MΦ) hosts. Importantly, this study unveiled the un-
anticipated contribution of the ESX-4 type VII secretion system
(T7SS) of M. abscessus to the induction of phagosomal rupture
and phagosome-to-cytosol contact (34), linked to the increased
intracellular survival of the bacterium in the host cell.
Results
Selection of M. abscessus Tn Mutants with Impaired Intracellular
Replication. A library of 6,000 Tn mutants generated in an S
clinical isolate of M. abscessus subspecies massiliense (Mabs43S)
was screened using an intracellular survival assay in Acanthamoeba
castellanii, as illustrated in SI Appendix, Fig. S1A. The survival of the
control parental Mabs43S strain at 48 h postinfection (hpi) in
amoebae was arbitrarily placed at 100%. One hundred thirty-six Tn
mutants (2.3% of the total tested) displayed various degrees of
intracellular growth inhibition compared with Mabs43S. These
136 mutants were individually screened in A. castellanii for 48 h and
in MΦ for 72 h, at a multiplicity of infection (MOI) of 10 bacteria
per cell, and intracellular cfus were determined (10). This con-
firmed the replication-defective phenotype of 47 mutants, which
exhibited a survival in amoebae and/or in MΦ of 50% or less that of
the controls, as shown by the reduction in cfu counts (Fig. 1A).
Importantly, none of these insertions was linked to a significant in
vitro growth defect in axenic cultures, indicating that the disrupted
genes are specifically required forM. abscessus intracellular growth.
Because the first round of screening was performed in amoebae, it
was not possible, to identify M. abscessus genes important for in-
tracellular growth exclusively in MΦ as previously reported for
M. marinum (8).
Intraamoebal Survival of ESX-4 Tn Mutants Is Strongly Impeded.
Subcloning was undertaken to identify the genomic sequences
adjacent to the various Tn insertions. Comparison of these se-
quences with the M. abscessus ATCC 19977 genome allowed the
identification of 47 Tn insertion-disrupted genes (listed in SI
Appendix, Table S1). Importantly, 12 (including five duplicates)
of the 47 Tn mutants with less than 50% intraamoebal survival
presented a Tn insertion in genes belonging to the ESX-4 locus
(Fig. 1B and Table 1). This locus encodes one of the two
M. abscessus T7SS (29, 35); related systems can also be found in
other Actinobacteria and in Gram-positive bacteria of the phy-
lum Firmicutes (36). Among these 12 Tn mutants, nine with Tn
insertions in the esx-4 genes [eccE4 (two mutants), eccD4 (two
mutants), and eccB4 (five mutants)] showed a 75% reduction in
intraamoebal replication. The remaining three mutants with a
50% intraamoebal survival defect presented Tn insertions in the
esx-4 genes mycP4 (one mutant) and eccE4 (two mutants) (Fig.
1B and Table 1). Moreover four mutants were identified outside
the ESX-4 locus: one mutant in sigM and three mutants in the
ESX-secreted protein espI. Of note in M. tuberculosis, espI neg-
atively regulates ESX-1–mediated secretion under conditions
where cellular ATP levels are depleted (37). In comparison, part
of the sigM regulon included genes encoding two pairs of ESX
family proteins and genes adjacent to the ESX-4 secretion locus
(38). Supporting the important contribution of the ESX-4 locus
to intracellular survival, Tn insertions in espI and sigM also
conferred a severe defect in intraamoebal survival (13% and
27%, respectively) (Table 1). The intracellular defects were not
due to in vitro growth impairment in axenic cultures or to uptake
and/or invasion defects (SI Appendix, Fig. S1 B and C).
To exclude the possible polar effect of Tn in eccD4 and eccC4
on transcription of mycP4 and MAB_3755c, respectively, qRT-
PCR was performed (SI Appendix, Table S2). Neither mycP4 nor
MAB_3755c mRNA levels were affected by the Tn in eccD4 and
eccC4, respectively.
Severely Impaired Intracellular Survival of an eccB4-KO Mutant in the
Reference M. abscessus Strain. Because Mabs43S was able to grow
in presence of both zeocin and hygromycin, and the Himar Tn
confers an additional resistance to kanamycin, complementation
studies of Tn mutants reared in this background proved chal-
lenging. This prompted us to generate an eccB4 (MAB_3759c)-
KO mutant in the M. abscessus 104536T type strain (MabsCIP,
zeocin sensitive), using a double-crossover strategy as previously
reported (10). As illustrated in SI Appendix, Fig. S2A, ΔeccB4 was
obtained by allelic exchange of nearly the entire eccB4 coding
sequence with a zeocin-resistance cassette (SI Appendix, Fig.
S2B) (10, 32). The complemented strain (C.ΔeccB4) was
obtained by cloning the eccB4 gene under control of the hsp60
promoter in the integrative plasmid pMVH361, introducing this
construct into ΔeccB4, and selecting recombinant clones with
zeocin and hygromycin. The intracellular survival of ΔeccB4, C.Δ
eccB4, and the parental MabsCIP strains, which had similar
growth rates in axenic cultures (SI Appendix, Fig. S2C), was
assessed in the amoeba and murine MΦ infection models.
Compared with MabsCIP, ΔeccB4 showed a pronounced and
reproducible survival defect in amoebae (Fig. 2A) and in MΦ
(Fig. 2B), with a 0.5-log reduction in the number of cfus at 3 days
postinfection (dpi) in both cell types and a 1.5-log reduction at
7 dpi in MΦ. Complementation with eccB4 restored the wild-type
growth and survival, thus excluding the possibility of a polar ef-
fect of the mutation on the downstream genes in the mutant
strain (Fig. 2). The distinct survival rates were not due to dif-
ferences in the adherence capacity (SI Appendix, Fig. S3 A and
B) or in the internalization (SI Appendix, Fig. S3 C and D) of
ΔeccB4 with amoebae or MΦ.
We next took advantage of the in vivo attenuated phenotype
of ΔeccB4 to analyze and dissect the contribution of ESX-4 to the
intracellular outcome of MabsCIP.
M. abscessus EccB4 Is Involved in the Blockage of Phagosome Acidification.
Inhibition of phagosome acidification is a well-characterized property
of slow-growing pathogenic mycobacteria (SGM) (39, 40). Using pH-
sensitive and pH-resistant dyes, we recently demonstrated that the
RGM MabsCIP strain is able to block a decrease in the intra-
phagosomal pH as a means of promoting its intracellular survival
(34). By a similar approach, we found here that ΔeccB4 has a reduced
capacity to block phagosome acidification (Fig. 3A). The intra-
phagosomal pH curve of the ΔeccB4 mutant was comparable to that
of heat-killed MabsCIP, whereas the intraphagosomal pH curve of
C.ΔeccB4 was similar to that of the wild-type strain (Fig. 3A).
Confocal microscopy of LysoTracker Red-labeled cells infected
with FITC-stained bacilli showed that a significantly higher number
2 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1713195115 Laencina et al.
of phagosomes containing ΔeccB4 colocalized with the Lyso-
Tracker dye compared with phagosomes containing the wild-
type or C.ΔeccB4 strains (Fig. 3B). Results of the colocalization
studies are shown as plots (Fig. 3B) and as Pearson’s correla-
tion coefficient (PCC) of the quantified colocalization signals
(Fig. 3C).
Together, these findings suggest that the impaired intracellular
replication of ΔeccB4 is linked to the progressive acidification of
ΔeccB4-containing compartments.
ΔeccB4 Is Unable to Damage the Phagosomal Membrane. MabsCIP
was recently shown to share important pathogenic features with
SGM (34). These include the potential to induce damage to and
disruption of the phagosome membrane, thereby establishing
phagosome-to-cytosol communication (34). Since EccB4 appears
to be involved in the inhibition of phagosome acidification, which
is a prerequisite for the induction of phagosomal rupture (41), we
evaluated the capacity of ΔeccB4 to induce a phagosomal rupture.
To this end, we applied the previously developed FRET-based
A
B
Fig. 1. Quantitative screening of theMabs43S Tn library for reduced intracellular survival. (A, Left) A. castellanii cells. (Right) MΦ. A. castellanii cells or J774.2
MΦ were infected with individual selected mutants in triplicate and were cocultured for 2 days in minimum medium or for 3 days of coculture in MΦmedium
supplemented with amikacin, respectively. Then cells were lysed, and the bacteria were enumerated by counting cfus. Tn mutants with less than 50% of
intracellular survival in amoeba or MΦ (as compared with a 100% survival rate for the parental MabsCIP strain) are shown as means ± SD. Duplicates (i.e., the
same Tn insertions) are not shown. Dots represent mutants with Tn insertions in the ESX-4 locus and espI and sigM genes. (B) Dots show the Tn positions
within the different locus ESX-4 genes and espI and sigM genes. Identical mutants with the same TA insertion are represented by dots placed vertically.
Numbers represent the position of the genes in the genome (NCBI annotations): M. abscessus subspecies massiliense strain GO 06, M. abscessus subspecies
abscessus ATCC 19977, M. abscessus subspecies bolletii 103, M. tuberculosis H37Rv, and M. smegmatis MC2 155. The same color code is used in A and B to
highlight mutants presenting a Tn insertion in the different the ESX-4 gene loci and the position of this gene within the locus.
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phagosomal rupture assay (34, 42), which depends on the ac-
tivity of the M. abscessus endogenous β-lactamase (43). In this
assay, when the β-lactamase reaches the cytosol, it cleaves the
cephalosporin core of the coumarin-cephalosporin-fluorescein
(CCF-4) dye present in the cytosol, resulting in inhibition of the
FRET from coumarin to fluorescein and the subsequent switch
of fluorescence emission from green to blue. In contrast to
MabsCIP, and similarly to heat-killed MabsCIP, the ΔeccB4
strain was unable to inhibit FRET signaling, as revealed by the
absence of a green-to-blue fluorescent shift at 24 hpi (Fig. 4A).
The wild-type phenotype was fully restored in C.ΔeccB4, thus
supporting the involvement of EccB4 in establishing phagosome-
to-cytosol communication in M. abscessus. These results were
corroborated by calculating the ratio of mean fluorescence
intensities (MFI) of the blue (447 nm) versus green (520 nm)
signals (Fig. 4B).
Additionally, fluorescent-labeled galectin-3 was used to visu-
alize the remnants of ruptured phagosomal membranes following
infection of J774 MΦ with the different strains. An intense la-
beling with galectin-3 was observed upon infection with MabsCIP
and C.ΔeccB4. In contrast, the percentage of galectin-3–positive
cells infected with either ΔeccB4 or heat-killed MabsCIP was
significantly lower (Fig. 4 C and D). This indicates that, in the
absence of functional EccB4, only reduced signs of phagosomal
lysis are observed.
Recently, synergy between the phthiocerol dimycocerosate and
the ESX-1 pathways has been proposed as a cause of phagosomal
membrane rupture inM. tuberculosis (44), prompting us to analyze
and compare the lipid profiles in ΔeccB4 and MabsCIP. No ob-
vious differences in the polar or apolar lipid fractions or in the
mycolic acid pattern were noticed (SI Appendix, Fig. S4).
Overall, these results strongly suggest that M. abscessus uses
the ESX-4 machinery to interfere with or damage the phag-
osomal membrane, inducing phagosomal rupture which ulti-
mately may allow the escape of MabsCIP into the cytosol.
Recent studies reported that, during infection of differentiated
human THP-1 cells, M. tuberculosis engages distinct cytosolic
pattern recognition receptor systems, namely the cyclic GMP-
AMP synthase (cGAS)–IFN-I axis and the inflammasome–IL-1β
pathway. The relative abundance of ESX-1 effectors determines
which pathway is triggered (45–47). We therefore quantified IL-1β
and IFN-β in the culture supernatant of THP-1 cells by ELISA. A
time-dependent increase in IL-1β production was observed for
both the parental and complemented strains. In contrast, reduced
levels of IL-1β were observed in the supernatant of MΦ infected
with ΔeccB4, further substantiating a functional involvement of
EccB4 in phagosome-to-cytosol communication (Fig. 4E). We
confirmed that the difference in IL-1β production was due to
caspase-1 activation and not to an altered pro–IL-1β transcription
in ΔeccB4 compared with MabsCIP (Fig. 4 F and G). In contrast,
we were not able to detect IFN-β in the supernatant of THP-
1 cells infected with either MabsCIP or ΔeccB4 for up to 40 hpi.
EccB4-Dependent Secretome. A proteomic-based approach was
used to analyze and compare the concentrated culture super-
natants from MabsCIP and ΔeccB4 on four replicates to unveil
proteins possibly missing or present in diminished quantity in the
ΔeccB4 mutant relative to the MabsCIP strain. Three comparisons
were made using two M. abscessus proteomes (UP000007137 and
UP0000038470) and a M. tuberculosis proteome (UP000001584),
with the restriction that a full and comprehensive proteome
comparison could not be done for the M. tuberculosis proteome
due to low homologies between peptides. Based on the two
M. abscessus proteomes, 152 and 166 differently expressed or se-
creted proteins were identified between MabsCIP and ΔeccB4 (SI
Appendix, Tables S3 and S4). The analysis highlighted the fol-
lowing proteins of particular interest: (i) three PE/PPE proteins
(MAB_0664, MAB_0047, and MAB_4141) that are not part of
ESX-4 locus were decreased in ΔeccB4; (ii) four putative MmpL
transporters, two MmpS proteins, and four Mce-like proteins were
diminished in ΔeccB4; and (iii) secretion of four lipoproteins
(LpqY, LprC, LppL, and LprN) was decreased in the ΔeccB4
mutant (SI Appendix, Tables S3 and S4). For the ESX-4–encoded
proteins, a decrease of EccB4 in ΔeccB4 was noticed (P = 0.24;
SI Appendix, Fig. S5A). Importantly, the presence of EsxT
(MAB_3753c) and EsxU (MAB_3754c) in the supernatant was re-
duced by 52 and 27%, respectively, in the ΔeccB4 mutant compared
A B
Fig. 2. Intracellular survival of ΔeccB4 and C.ΔeccB4 during coculture. In-
tracellular survival kinetics of wild-type, ΔeccB4, and C.ΔeccB4 strains de-
termined by cfu counts during infection within amoeba A. castellanii (A) or
J774.2 MΦ (B) at a MOI of 10:1. Histograms with error bars represent means ±
SD that are representative data of three independent experiments. P values
were generated by ANOVA, with the Dunnett’s test using GraphPad prism
program: ns, nonsignificant; **P < 0.01, ***P < 0.001, ****P < 0.0001.
Table 1. Genes lying within or outside the ESX-4 locus and presenting at least one Tn insertion
Mutant M. abscessus ATCC 19977 M. tuberculosis H37Rv Protein name Amoeba % survival MΦ % survival
37F10 MAB_3756c Rv3447c EccC 9 >50
24H3 MAB_3756c Rv3447c EccC 17 >50
5A1 MAB_3757 Rv3448 EccD 9 26
7A1 MAB_3757 Rv3448 EccD 9 34
18D2 MAB_3758 Rv3449 MycP 26 >50
32C9* MAB_3759c Rv3450c EccB 11 34
14E9† MAB_3760 EccE 25 14
43A3‡ MAB_0628 EspI 13 8
13C3 MAB_4938 Rv3911 SigM 27 >50
*Mutants with the same TA insertion site found several times: duplications are 14B9, 19D4, 32C7, and 25E4.
†Mutants with the same TA insertion site found several times: duplication is 15G8.
‡Mutants with the same TA insertion site found several times: duplications are 13F7 and 2D10.
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with MabsCIP. While there was a trend for less secretion to
be observed, the decrease was not statistically significant (P =
0.49 and P = 0.82, respectively) (SI Appendix, Fig. S5A).
To further explore these findings, the esxU-esxT operon was
placed downstream of the hsp60 promoter in a replicative plas-
mid to generate a His-tagged EsxT fusion protein. The construct
was introduced in MabsCIP and ΔeccB4, and expression of His-
EsxT was analyzed by immunoblotting (SI Appendix, Fig. S5B).
As shown in SI Appendix, Fig. S5B, His-EsxT was not detected in
the culture supernatant of either MabsCIP or the ΔeccB4 mutant.
However, His-EsxT was detected in the cytosol and the cell
membrane —but not in the cell wall—extracts of both MabsCIP
and the ΔeccB4mutant (SI Appendix, Fig. S5B), but its expression
levels were lower in the ΔeccB4 construct (SI Appendix, Fig. S5B)
despite similar amount of proteins loaded (SI Appendix, Fig.
S5C). In addition, the esxT transcript levels remained unchanged,
as indicated by qRT-PCR analyses performed on both strains
(ratio of 1.15 compared with sigA). Taken together, these results
confirm the decreased expression/secretion of ESX-4 substrates,
such as PE/PPE proteins and EsxU/T, in the ΔeccB4 mutant.
Discussion
Mycobacteria and free-living amoebae have coevolved for a long
time, as inferred from the ability of selected mycobacteria to sur-
vive not only in trophozoites but also in amoebal cysts (48). In the
environment, interactions with amoebae seem to have contributed
to shaping the virulence and pathogenic potential of NTM, as il-
lustrated recently for M. avium and M. abscessus (9, 10). Here we
have identified a pool of genes essential for the intracellular sur-
vival/growth ofM. abscessus inside amoebae and MΦ (SI Appendix,
Table S1). Our major finding is the discovery of a hot spot of Tn
insertions within the ESX-4 T7SS locus, with 12 individual mutants
with insertions in the eccC4, eccD4, mycP4, eccB4, and eccE4 genes
identified (Table 1).
Interestingly, the M. abscessus ESX-4 locus differs from that of
other mycobacterial species, such asM. tuberculosis orMycobacterium
A
B
C
Fig. 3. Evaluation of phagosomal acidification in MΦ infected with differentM. abscessus strains. (A, Left) Differentiated THP-1 cells were infected with FITC-
labeled and mCherry-expressing (fluorescent protein) wild-type (wt) M. abscessus (MabsCIP), ΔeccB4, C.ΔeccB4, or heat-killed MabsCIP strains. Fluorescent
signals were measured sequentially using excitation at 485 nm (FITC) and 565 nm (mCherry). The pH at each time point was extrapolated from a standardized
pH curve. (Right) The intraphagosomal pH of the different MΦ strains was measured every 5 min for more than 1 h. (B) Analysis of the bacterial compartment
by confocal microscopy using a fluorescent marker for acidic compartments. (Left) Colocalization of FITC-labeled wild-type MabsCIP, heat-killed wild-type
MabsCIP, ΔeccB4, and C.ΔeccB4 with the acidotropic dye LysoTracker Red in infected J774.2 MΦ. Arrows indicate intracellular mycobacteria not colocalizing
with LysoTracker Red. (Scale bar, 10 μm.) (Right) The percentage of FITC-labeled strains colocalized with LysoTracker was quantified by counting at least
100 infected cells in 10 different fields. Horizontal bars show the mean percentages of bacilli colocalized with red acidic compartments in MΦ infected with
heat-killed wild-type, wild-type, ΔeccB4, and C.ΔeccB4 strains. (C) PCC of images of internalized FITC-labeled mycobacteria and LysoTracker Red marker in
J774.2 cells. Data are representative of three independent experiments and represent means ± SD. P values were determined by ANOVA with the Dunnett’s
test using GraphPad prism program (A and C) and unpaired t test (B); ns, nonsignificant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 4. Phagosomal rupture detected by CCF-4 FRET-based flow cytometry, galectin-3 immunostaining confocal microscopy, and IL-1β activation and pro-
duction. (A) Results are depicted as signal overlays per group with 1,000,000 events per condition acquired in wild-type (dark gray line), heat-killed wild-type
(blue line), ΔeccB4 (red line), C.ΔeccB4 (green line), and noninfected (NI, light gray filled curve) strains. (B) Histograms represent the ratio of blue MFI at 447 nm
and green MFI at 520 nm and SD from at least three independent experiments. (C) Representative confocal images of MΦ infected with different tdTomato
M. abscessus wild-type, heat-killed wild-type, ΔeccB4, and C.ΔeccB4 strains (red) and stained for galectin-3 (green). (Scale bar, 10 μm.) (D) The percentage of
infected MΦ containing at least one positively stained phagosome (Gal-3+) was determined. The values represent the mean ± SEM of 100 infected cells in five
different fields. (E) Kinetics of IL-1β production during THP-1 infection by wild-type, heat-killed wild-type, ΔeccB4, and C.ΔeccB4 strains. (F) Caspase-1 acti-
vation was measured with the FAM-PLICA caspase-1 assay. THP-1 cells were infected or not infected (NI) with wild-type, heat-killed wild-type, ΔeccB4, and
C.ΔeccB4 strains at a MOI of 10 for 3 h. As a positive control of apoptosis induction, cells were incubated with LPS 500 nM for 8 h at 37 °C. The adherent cells
were gently dissociated with TrypLE Express reagent; then the cells were washed twice and resuspended in RPMI medium with 10% FBS before staining with
30× FAM-VAD-FMK for the CD11b antibody and were analyzed by flow cytometry. Results are expressed as the percentage of cells with the caspase-1 p10 and
p12 active forms. (G) Western blot analysis for pro–IL-1β was performed after cell lysis (conditions are as in F). P values were generated by ANOVA, with the
Dunnett’s test (B and D) or unpaired t test (C) using GraphPad prism program: ns, nonsignificant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1713195115 Laencina et al.
smegmatis, in that it contains the ESX conserved component
EccE4 (Fig. 1B) (35). To further explore the function of ESX-4 in
the intracellular survival of M. abscessus, we generated a deletion
mutant in one of the key structural ESX-4 components, namely
EccB4, using an allelic exchange strategy. This approach confirmed
the essential role of the eccB4 gene in intraamoebal and intra-MΦ
replication/survival of M. abscessus. The replication/survival defect
of ΔeccB4 resulted neither from decreased adhesion to the host cell
surface nor from defective phagocytosis but from the intracellular
fate of the mycobacteria.
In contrast to most other RGM, MabsCIP can replicate inside
the MΦ thanks to the inhibition of phagosomal acidification (10,
34). We recently proved that the M. abscessus MAB_4780 locus,
which encodes a dehydratase that is involved in the metabolism
of mycolic acids, participates in the blockage of phagolysosomal
fusion (49). The present study demonstrates that EccB4 is also a
major player in this process. Previous electron microscopy
studies have suggested the occurrence of MabsCIP in various
intracellular compartments and the presence of lesions in the
phagosomal membrane that may ultimately lead to membrane
rupture of the phagosome containing the S variant of MabsCIP
(34). These features may result in the unique ability of MabsCIP
as an RGM to replicate inside the cells, thereby avoiding the
antibacterial response of the host MΦ. Unexpectedly, this phe-
notype was also lost in the absence of a functional EccB4. The
combination of the FRET assay and the use of a fluorescent
galectin-3 (FG3) probe highlighted the rupture of the phag-
osomal membrane, which occurred only in presence of an intact
eccB4 gene. FG3 was originally used to visualize vacuole lysis
induced by extraphagosomal pathogens (50, 51) and has been
used successfully to confirm M. tuberculosis-induced phagosomal
damage (42). In addition, the establishment of a phagosome-to-
cytosol contact by wild-type MabsCIP was also supported by the
measurements of IL-1β secretion. Indeed, recent reports have
suggested that mycobacterial access to the cytosolic compart-
ment has several consequences for the innate immune response,
including enhanced activation of the inflammasome and release
of functional IL-1β (45, 46). Quantification of IL1-β produced by
THP-1 cells infected with different M. abscessus mutants dem-
onstrates the involvement of EccB4 in triggering the inflamma-
some, further emphasizing a functional link between ESX-4 and
phagosome-to-cytosol contact. However, the IFN-β results differ
from those obtained in M. tuberculosis, as production of IFN-β
was not observed during the M. abscessus infection; a possible
explanation is the potential absence ofM. abscessusDNA release
into the cytosol. In the case of M. tuberculosis, mycobacterial
dsDNA, liberated from the bacteria by still unknown mecha-
nisms and translocated to the cytosol, most likely through the
ESX-1–mediated phagosomal membrane rupture, is recognized
as being responsible for the activation of the IFN-I axis (46).
Whether ESX-4 plays a direct role in phagosomal acidification
and membrane permeabilization or is involved in a signaling
event that occurs before these processes is currently being
addressed. This phenomenon is reminiscent of analogous studies
associating the crucial role of ESX-1 and its substrates with the
phagosomal rupture induced by M. tuberculosis or M. marinum
(46). Here, we demonstrated decreased expression of M. abscessus
ESX-4 substrates such as EsxT in the ΔeccB4 mutant, showing that
such compounds have a similar role in the M. abscessus-induced
phagosomal membrane damage. Taken together, these results
suggest an unanticipated role for the ESX-4 T7SS, and particularly
EccB4, in governing the intracellular behavior of a mycobacterium.
Because M. abscessus lacks ESX-1, it is tempting to speculate that
ESX-4 operates as a surrogate of ESX-1. Indeed, in pathogenic
SGM the induction of phagosomal rupture is linked to the genomic
presence of the ESX-1 locus (42, 52). The ESX loci arose by gene
duplication in the phylogenetic order of ESX-4, ESX-1, ESX-3,
ESX-2, and ESX-5 (53). M. abscessus possesses only ESX-3 and
ESX-4 loci (29, 35) and lacks ESX-1 found in other RGM, in-
cluding M. smegmatis. The importance of ESX-4 for conjugal
recipient activity in M. smegmatis has been reported recently
(54). Of importance, induction of esx-4 transcripts in the re-
cipient requires a functional recipient ESX-1 secretion system
(54). M. smegmatis lacks EccE4 compared with M. abscessus.
Whether M. abscessus requires a membrane-damaging system,
such as the one formed by the ESX-1 substrates, or whether a
functional ESX-4 locus is sufficient to promote conjugal transfer
for M. abscessus remains to be explored.
In contrast to a recent report (53), we failed to obtain Tn in-
sertions in the ESX-3 locus, which brings into question the es-
sentiality of this locus in M. abscessus. The ESX-4 is considered
the most ancestral T7SS in mycobacteria (35), and it is also the
smallest (9,870 bp) in M. tuberculosis, comprising only seven
genes (55, 56). However, in M. abscessus the ESX-4 locus is
larger (12,745 bp) and possesses a supplementary gene, referred
to as “eccE4,” which is absent in the ESX-4 loci of all the other
mycobacteria, including SGM species (Fig. 1B) (35). The pres-
ence of the complete set of eccB4-eccC4-eccD4-eccE4 genes
encoding the structural components of the ESX machine is
reminiscent of other ESX loci, including ESX-5, whose structural
organization was recently unveiled (55, 57). Of importance is the
interdependence of the different Ecc components for the for-
mation of a functional nano-machine, as previously shown by the
lack of stable expression of eccB5 when eccC5 or eccD5 was
mutated (55). Of note, the related Mycobacterium chelonae and
Mycobacterium immunogenum species possesses an ESX-4 locus
similar to that of the M. abscessus complex with an intact eccE4
gene, for which the closest paralogues so far identified are eccE5
and eccE1 of M. tuberculosis (35). The ubiquitous absence of
gene eccE4 from the ESX-4 loci of almost all interrogated my-
cobacterial species suggests that in M. abscessus, where this gene
is exceptionally present, its gene product EccE4 might be in-
volved in the secretion of proteins such as the ESX-4–associated
EsxU and EsxT substrates across the cell envelope (58). The
ESX-4 loci usually also lack also the pe/ppe and espG genes that
may play important physiological functions and participate in
host–pathogen interactions (58, 59). However, our comparative
analysis revealed lower amounts of PE/PPE proteins in the su-
pernatant of the ΔeccB4 mutant. This situation is reminiscent of
the specific role of ESX-5 from M. marinum in the secretion of
dedicated PPE and PE-PGRS proteins (58). Whether these pro-
teins are directly or indirectly secreted via ESX-4 in M. abscessus
and whether they play a role in intracellular survival is currently
unknown and will have to be investigated in further studies. In
addition, EsxT, a very likely substrate of ESX-4, was identified as
being associated with the membrane fraction, and decreased levels
of EsxT were found in the membrane of ΔeccB4, supporting the
proteomic data. Whether EsxU and EsxT fulfill functions in
M. abscessus similar to that of EsxA/B inM. tuberculosis will deserve
further studies.
In conclusion, we describe here peculiar properties of the
ESX-4 locus in M. abscessus and demonstrated its crucial role in
the intracellular survival and pathogenic potential of mycobac-
teria. Our findings open perspectives for better defining the bi-
ological role of the ESX-4 system in the light of the evolution of
mycobacterial pathogens.
Materials and Methods
Strains, Cells, and Culture Conditions. M. abscessus subspecies massiliense 43S
(Mabs43S) is a smooth clinical isolate from Korea used to generate the Tn
mutant library. The CIP 104536T type strain of M. abscessus subspecies
abscessus (MabsCIP) was also used to generate the eccB4-deletion mutant.
Mycobacterial strains and mutants were routinely grown aerobically at 37 °C in
Middlebrook 7H9 medium (Sigma-Aldrich) supplemented with 0.2% glycerol,
1% glucose, and 250 mg/L kanamycin (Thermo Fisher Scientific) when neces-
sary, with 25 mg/L zeocin (Thermo Fisher Scientific) for the ΔeccB4 strain, and
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with 25 mg/L zeocin plus 250 mg/L hygromycin (Thermo Fisher Scientific) for
C.ΔeccB4. Reporter strains andmarkers were used as described previously (23, 34).
A. castellanii (ATCC 30010) was grown at room temperature without CO2 in
peptone yeast extract glucose (PYG) broth for the amplification of the strain.
J774.2 and THP-1 MΦ cell lines were grown and used as described (32, 34).
Cell Infection Assays. The A. castellanii culture was washed four times in
10 mL of AC buffer [4 mM MgSO4, 0.4 M CaCl2, 0.1% sodium citrate de-
hydrate, 0.05 mM Fe(NH4)2(SO4)2-6H2O, 2.5 mM NaH2PO3, 2.5 mM K2HPO3,
pH 6.5] and distributed into 96-well plates at a concentration of 5 × 104
amoebae per well. Following 1 h of incubation at 32 °C, the amoebae
monolayer was inoculated with 5 μL of a 4-day culture of each Tn mutant.
After 1.5 h of incubation at 32 °C, extracellular mycobacteria were removed
by one washing in AC buffer followed by 2 h of incubation in presence
of 100 μg/mL amikacin, followed by two successive washes in AC buffer.
Plates were incubated at 32 °C, with the addition of 107 heat-inactivated
Escherichia coli (70 °C for 60 min) every 24 h (10). After 2 days of coculture,
the A. castellanii monolayer was disrupted with 0.1% SDS for 30 min at
32 °C. Thirty microliters of a 1/25 dilution were dropped onto a blood agar
plate to perform the screen. Mutants with a 50% or greater reduction in cfus
were selected (SI Appendix, Fig. S1). For the second screen, cfu counts were
performed to confirm the intracellular behavior, as reported earlier (10).
Infection of J774.2 and/or THP-1 MΦ and cfu counts were performed as
described (10, 34). Adhesion and internalization assays were carried out in
24-well plates, as described (SI Appendix, Fig. S3) (60).
Subcloning and Sequencing of Tn-Adjacent Genomic Regions. Genomic DNA
was extracted from each mutant, ClaI restricted, and subcloned in pUC19
(Invitrogen, Thermo Fisher Scientific) (61). Genomic DNA was sequenced
using a 5′ primer in the Tn (TTGACGAGTTCTTCTGA). Genomic sequence
comparisons were made using the BLAST server [genome database from the
National Center for Biotechnology Information (NCBI) website]. Sequence
data were used to design primers to confirm the exact position of the Tn
insertion by PCR amplification on Mabs43S genomic DNA and sequencing.
The web interface MaGe (Magnifying Genomes) was used to automatically
assign the gene product function of the genome of M. abscessus CIP 104536T
and of the mutated gene responsible of the resistance to degradation in MΦ
cells (SI Appendix, Table S1).
ΔEccB4 Mutant Construction and Complementation. Disruption of the eccB4
gene was performed using the recombineering system as described previously
(10, 61). Complementation was performed after amplifying and cloning eccB4
into the integrative plasmid pMVH361 as described (SI Appendix, Fig. S2) (10).
Analysis of Phagosomal Acidification by pH Measurements. M. abscessus
strains expressing the fluorescent protein mCherry were labeled with FITC
(Sigma-Aldrich) and dispensed into 24-well plates containing J774.2 MΦ at a
MOI of 10:1. Plates were centrifuged at low speed, allowing mycobacteria to
reach the monolayer, and were incubated 15 min at 37 °C before fluores-
cence measurements (34). Fluorescent signals were then measured by se-
quential excitation at 485 nm (FITC) and 565 nm (mCherry) using a Tecan
Infinite M200 multimode plate reader. A standard pH curve was established
to correlate the fluorescent signal with the pH by measuring the emission
levels from fluorescent M. abscessus phagocytosed by MΦ after placing in-
fected cell monolayers in standard series of buffers from pH 4.6–7.6 (25).
Analysis of Phagosomal Acidification by LysoTracker Colocalization. Fully
confluent monolayers of MΦ in 24-well plates were infected with FITC-
labeled M. abscessus, and analysis of fluorescent signals was performed.
The acidotropic dye LysoTracker Red DND-99 (Life Technologies) was
used as a marker of phagosome acidification andmaturation. J774.2MΦwere
distributed into 12-well plates containing glass coverslips and were infected
with FITC-labeled M. abscessus (100 mg/mL of FITC for 2 h at room tempera-
ture). At the end of the infection, LysoTracker was added to each well. The
percentage of FITC-labeled mycobacteria that colocalized with LysoTracker-
labeled phagosomes was determined by analyzing more than 100 infected
cells from at least 10 random fields with a Leica SP8-X confocal microscope.
Pictures analyses and PCC evaluation were done with IMARIS software.
Galectin-3 Immunostaining to Detect Phagosomal Membrane Damage. MΦ
infected with fluorescent tdTomato-expressing M. abscessus strains were
fixed on glass coverslips. Phagosomal membrane damage was revealed by
immunostaining using a purified mouse anti-human Galectin-3–specific
monoclonal antibody (555746; BD Pharmingen) used at 1/200 dilution. The
antibody was visualized using secondary antibody conjugated to Alexa Fluor
488 (Invitrogen). An infected cell was considered positive when at least one
of its mycobacteria-containing phagosomes was stained positive with the
phagosomal damage marker. The majority of specific galectin-3–positive
signals were associated to membranous structures surrounding bacteria‐
containing phagosomes. The percentages of infected cells having at least
one M. abscessus-containing phagosome that was positive for galectin-
3 were determined from at least 100 infected cells found in five different
fields. All images were analyzed with IMARIS software.
Flow Cytometry Analysis to Study Phagosomal Rupture and Caspase-1 Activation.
CCF-4 FRET measurements to study phagosomal rupture were performed as
recently described (42).
The FAM FLICA Caspase-1 Assay Kit (ImmunoChemistry Technologies) was
used to evaluate the presence of catalytically active forms of caspase
1 p10 and p12. THP-1 cells were infected at a MOI of 10 bacteria per cell for
3 h. As a positive control of apoptosis induction, cells were incubated with LPS
(500 nM) for 8 h at 37 °C. The adherent cells were gently dissociated with
TrypLE Express reagent (Gibco) as recommended. The cells were washed
twice and resuspended in RPMI medium with 10% FBS before staining with
30× FAM-VAD-FMK for 30 min at 37 °C. for specific gating, the cells were
also stained with the CD11b antibody (42) before being fixed with 5%
paraformaldehyde. Cells were analyzed by flow cytometry. Results are
expressed as the percentage of cells with the caspase 1 p10 and p12 active
forms. The same extracts were used to evaluate mature and precursor IL-1β
(1:1,000; Abcam ab2105,) by Western blot analysis.
ELISA Analysis. Supernatants from THP-1 MΦ/M. abscessus cocultures were
collected and assayed for human IL-1β secretion using the IL1-β kit DY201-05
(Bio-Techne) and for IFN-β secretion using the human IFN-β kit 09341410-1
(tebu-bio), according to the manufacturer’s recommendations.
EsxU and EsxT Secretion Analysis.MAB_3754c andMAB_3753c were cloned in
the PvuI and HindIII sites of pMVH361. Primers were designed to incorporate
a His-tag at the C terminus of the MAB_3753c protein. A stop codon was also
introduced between the two genes. The plasmid was transformed in the
wild-type and ΔeccB4 strains.
Bacterial cultures were recovered at an OD600 of 0.8, resuspended in PBS
containing PMSF and 1 mM EDTA (1 mL/g), sonicated, and subjected to
fractionation. After a first centrifugation at 1,000 × g to eliminate nonlysed
bacteria or debris, supernatants were centrifugated at 15,000 × g for 30 min
to obtain the cell wall fraction. The supernatant was then submitted to ul-
tracentrifugation at 100,000 × g for 3 h to separate the plasma membranes
from the cytosolic compartment. Equal protein amounts were subjected to
SDS/PAGE and immunoblotting and were revealed using mice anti-His an-
tibodies conjugated with peroxidase (Sigma-Aldrich) (SI Appendix, Fig. S5).
Secretome Analysis. M. abscessus CIP and ΔeccB4 strains were grown in
7H9 medium to OD600 = 0.8 (four biological duplicates). Then cells were
diluted with Sauton medium plus glucose (1%), the appropriate antibiotics
(see Strains, Cells, and Culture Conditions, above), and 0.05% Tween 80 to
an OD600 of 0.1. The diluted cells were incubated until OD600 = 0.6–0.7 was
reached. Then bacteria were centrifuged, washed three times with cold PBS
1×, diluted again Sauton’s medium plus glucose (1%) and antibiotics, and
incubated to an OD600 of 0.8–1. Culture supernatants then were concen-
trated 100× with Amicon Ultra centrifugal filters (3-kDa cutoff), and the
protein concentration was measured with the Pierce protein BCA assay.
Briefly, secretomes were diluted with ammonium bicarbonate and in-
cubated for 4 h with 0.2 μg trypsin/LysC (Promega) at 37 °C. Samples then
were loaded onto a homemade C18 Sep-Pak–packed stage tip for desalting.
Samples were eluted using 40% ACN/0.1% formic acid and were vacuum
concentrated to dryness. Desalted samples were reconstituted in 2% ACN/
0.3% TFA that contained iRT peptides (Biognosys) for quality control. Sam-
ples were then analyzed by nanoLC-MS/MS for protein identification. Spec-
tra were recorded on a Q-Exactive HF-X mass spectrometer (Thermo Fisher
Scientific) and analyzed with Sequest through Proteome Discoverer 2.0 using
the UniProt M. abscessus UP000038470 and UP000007137 databases. All data
were further processed using myProMS software (SI Appendix, Fig. S5 and
Tables S3 and S4) (62).
Lipid Extractions and Analysis by TLC. For lipid analyses M. abscessus was
grown in 7H9 broth, collected by centrifugation, and subjected to lyophili-
zation. Apolar and polar lipid fractions or methyl esters of fatty acids (FAME)
and mycolic acids (MAME) were obtained from 50 mg of freeze-dried
mycobacterial cells as previously described (63). Lipid fractions were applied
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to aluminum TLC silica gel 60 F254 plates (Merck) and were separated using
solvent systems as described in the text. After solvent separation, TLCs with
apolar lipids and FAME and MAME were treated with a mist of 5% phospho-
molybdic acid (dissolved in ethanol) and charred by heating to reveal lipid spots
or bands. TLCs with polar lipids were treated with a mist of 0.1% orcinol (dis-
solved in 20% H2SO4) before charring (SI Appendix, Fig. S4).
RNA Extraction and RT-PCR Analysis. Bacterial RNA was extracted from various
M. abscessus strains as described previously (10). Briefly, total RNA was
extracted using TRIzol reagent and a bead beater. PCR was performed with
a CFX96 thermal cycler (Bio-Rad). The primer sequences used for qRT-PCR are
listed in SI Appendix, Table S5. Controls without reverse transcriptase were
done on each RNA sample to rule out DNA contamination. The sigA gene
was used as an internal control (SI Appendix, Table S2) (10).
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Mycobacterium abscessus,  
un pathogène majeur chez les patients 
atteints de la mucoviscidose
Mycobacterium abscessus est une myco-
bactérie pathogène opportuniste, à 
croissance rapide (RGM), responsable 
d’infections cutanéomuqueuses et pul-
monaires. Ces dernières sont particuliè-
rement sévères chez les patients atteints 
de mucoviscidose [1]. Les études épidé-
miologiques ont révélé la persistance de 
M. abscessus chez l’hôte infecté, parfois 
pendant plusieurs années [2]. Plus que 
d’autres infections par des bactéries 
pathogènes retrouvées chez les per-
sonnes atteintes de mucoviscidose, les 
infections pulmonaires à M. abscessus 
altèrent la fonction ventilatoire, entraî-
nant une augmentation de la morbidité 
et de la mortalité chez ces patients.
L’origine de l’infection par M. abscessus 
reste à déterminer. Une étude britan-
nique récente, fondée sur la recherche de 
mutations spécifiques dans les souches 
de M. abscessus circulant en Grande-Bre-
tagne, suggère soit une contamination 
entre patients, soit une contamination 
par l’environnement proche du patient 
[3]. Le réservoir environnemental de M. 
abscessus reste encore mal défini [4]. 
Les études génomiques, par séquençage 
du génome total, montrent la présence 
de gènes non-mycobactériens acquis par 
transfert horizontal au sein du génome 
de M. abscessus, ainsi que la présence 
de gènes de résistance pour la survie 
intracellulaire de la bactérie. D’autres 
études suggèrent que ces échanges 
génétiques horizontaux se réaliseraient 
dans un écosystème commun, notam-
ment à l’interface sol/eau où les amibes 
environnementales sont présentes. Ces 
amibes représentent un hôte eucaryote 
unicellulaire naturel et un réservoir pour 
de nombreuses bactéries pathogènes, 
telles que Legionella, Chlamydia et Pseu-
domonas, et probablement aussi pour 
certaines espèces mycobactériennes, 
comme M. abscessus, qui peuvent ainsi 
survivre dans l’environnement.
Des résultats publiés par notre équipe 
montrent que M. abscessus est capable 
de se multiplier au sein d’amibes. Une 
co-culture d’amibes et de M. abscessus 
avant infection chez l’animal, augmente 
la virulence de la mycobactérie [5], 
comme cela avait déjà été démontré 
pour une autre mycobactérie, Myco-
bacterium avium [6]. Au cours du pro-
cessus infectieux, les amibes peuvent 
ainsi contribuer à forger la virulence des 
mycobactéries pour s’adapter face à la 
réponse immunitaire.
Chez l’homme, une différence clé entre les 
mycobactéries non pathogènes et patho-
gènes, comme le bacille de la tuberculose 
Mycobacterium tuberculosis, est la capa-
cité des mycobactéries pathogènes à 
survivre et à se répliquer dans les macro-
phages et les cellules dendritiques en 
bloquant la maturation des phagosomes 
[7].
Nous avons démontré récemment que 
M. abscessus possède également ces 
propriétés de survie intracellulaire [8] 
(➜). La coexis-
tence de M. abs-
cessus avec les 
(➜) Voir la Nouvelle de 
A. Bernut et al. m/s n° 5, 
mai 2014, page 499
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amibes semble ainsi avoir contribué à 
façonner la virulence des mycobactéries 
non tuberculeuses chez l’homme. L’un 
des acteurs de cette survie intracellu-
laire est représenté par le système de 
sécrétion de protéines, dit de type VII 
(SST7). 
Le système de sécrétion de type 
VII (ESX-4) impliqué dans la virulence 
de M. abscessus
Cinq locus SST7 sont retrouvés chez les 
mycobactéries pathogènes, désignés 
esx-1 à 5 [9]. L’ancêtre commun est 
esx-4, à partir duquel dériverait esx-1, 
dont les gènes codent les éléments de 
l’appareil de sécrétion ESX-1, indispen-
sable à la virulence et la survie intracel-
lulaire de M. tuberculosis. M. abscessus 
ne possède que 2 locus esx : esx-3 et 
esx-4. Aucun rôle n’était à ce jour connu 
pour un éventuel système de sécrétion 
ESX-4. Nous avons démontré qu’il jouait 
un rôle similaire à ESX-1, dans la survie 
intracellulaire et la virulence de M. abs-
cessus [10].
Partant de l’hypothèse que M. abscessus 
possédait l’arsenal génétique nécessaire 
pour survivre au sein d’amibes, nous 
avons criblé 6 000 mutants obtenus par 
transposition, en utilisant un test de 
survie intracellulaire chez l’amibe envi-
ronnementale axénisée1 Acanthamoeba 
castellanii (Figure 1A). Quarante-sept 
mutants de M. abscessus, présentant un 
taux de survie inférieur à 50 % par rap-
port à la souche parentale à l’intérieur 
1 Exempte d’autres germes.
A B
1er crible : survie intra-amibienne
Sélection de 2,3 % des mutants 
(avec une survie intracellulaire < 50 %)
2e crible : survie intra-amibienne et intra-macrophagique
avec CFU fixées
Sélection de 47 mutants dont 12 positionnés dans le locus ESX-4
Mabs mutants
A. castellanii Complexité de la banque
de Mabs (1011 cfu/mL)
CFU
MycP
18D2
EccC4
37F10
24H3 EccB4
32C9
14B9
19D4
32C7
25E4
EccE4
14E9
15G8
EccD4
5A1
7A1
EsPI
43A3
13F7
2D10
SigM
13C3 Lysosome
- Plus d’acidification
- Contacts phagosome-cytosol réduits
Sécrétion ?
Phagosome
Mabs �EccB mutant
Mabs
ESX-4 ESX-3
Figure 1. Le système de sécrétion de type VII (ESX-4) impliqué dans la virulence de Mycobacterium abscessus. A. Crible de survie intracellulaire chez 
l’amibe de 6 000 mutants de la banque de M. abscessus lors d’une co-culture en présence de l’amibe Acanthamoeba castellanii. La survie intracel-
lulaire des mutants est évaluée par comptage des CFU (colony -forming unit) ; 136 mutants défectueux pour leur croissance intracellulaire (soit 
2,3 % de la banque) ont été identifiés. Un second crible de survie intracellulaire, chez l’amibe et en présence de macrophages, a ensuite permis de 
confirmer l’atténuation de 47 mutants dont 12 portant des mutations localisées (y compris des doublons) dans le locus esx-4 du système de sécré-
tion de type VII  (SST7). Parmi ces 12 mutants, 9 présentent une insertion dans les gènes eccC4 (esx-conserved component : 2 mutants-souches 
37F10 et 24H3), eccD4 (2 mutants-5A1 ; 7A1), MycP4 (mycosin-1 protease : 18D4), eccB4 (5 mutants-32C9 ; 14B9 ; 19D4 ; 32C7 ; 25E4), eccE4 
(2 mutants 14E9 ; 15G8) et du locus esx-4. Trois mutants supplémentaires présentent des mutations localisées dans le gène espI (esx-1 secretion-
associated protein : 43A3 ; 13F7 ; 2D10) impliqués dans la régulation d’ESX-1 chez M. tuberculosis, et 1 mutant supplémentaire dans le gène sigM 
(sigma factor gene : 13C3). B. L’analyse du génome de M. abscessus indique la présence de 2 systèmes de sécrétion, ESX-3 et ESX-4. Un mutant 
obtenu par double recombinaison homologue du gène eccB4 a permis de confirmer, par des expériences de co-cultures entre ce mutant (Mabs-
∆EccB) et des macrophages humains, que ce gène, et par conséquent le système de sécrétion ESX-4, sont impliqués dans la survie intracellulaire, 
le blocage de l’acidification phagosomale, et favorisent les contacts entre la bactérie et le cytosol. Le sécrétome de ce mutant versus celui de la 
souche parentale est actuellement en cours d’étude afin d’identifier les substrats de cette machinerie de sécrétion. 
m/s n° 10, vol. 34, octobre 2018
NO
UV
EL
LE
S
M
AG
AZ
IN
E
 797
LIENS D’INTÉRÊT 
Les auteurs déclarent n’avoir aucun lien d’intérêt 
concernant les données publiées dans cet article. 
RÉFÉRENCES
 1.  Qvist T, Taylor-Robinson D, Waldmann E, et al. 
Comparing the harmful effects of nontuberculous 
mycobacteria and Gram negative bacteria on lung 
function in patients with cystic fibrosis. J Cyst Fibros 
2016 ; 15 : 380-5.
 2.  Cullen AR, Cannon CL, Mark EJ, et al. Mycobacterium 
abscessus infection in cystic fibrosis. Colonization or 
infection? Am J Respir Crit Care Med 2000 ; 161 : 641-
5.
 3.  Bryant JM, Grogono DM, Greaves D, et al. Whole-
genome sequencing to identify transmission of 
Mycobacterium abscessus between patients with 
cystic fibrosis: a retrospective cohort study. Lancet 
2013 ; 381 : 1551-60.
 4.  Ripoll F, Pasek S, Schenowitz C, et al. Non 
mycobacterial virulence genes in the genome of the 
emerging pathogen Mycobacterium abscessus. PLoS 
One 2009 ; 4 : e5660.
 5.  Bakala N’Goma JC, Moigne V Le, Soismier N, et al. 
Mycobacterium abscessus phospholipase C expression 
is induced during coculture within amoebae and 
enhances M. abscessus virulence in mice. Infect 
Immun 2015 ; 83 : 780-91.
 6.  Cirillo JD, Falkow S, Tompkins LS, et al. Interaction of 
Mycobacterium avium with environmental amoebae 
enhances virulence. Infect Immun 1997 ; 65 : 3759-67.
 7.  Bernut A, Herrmann JL, Lutfalla G, et al. Les 
cordes mycobactériennes : un nouveau moyen 
d’échappement au système immunitaire ? Med Sci 
(Paris) 2014 ; 30 : 499-522.
 8.  Roux A-L, Viljoen A, Bah A, et al. The distinct fate of 
smooth and rough Mycobacterium abscessus variants 
inside macrophages. Open Biol 2016 ; 6 : 160185.
 9.  Groschel MI, Sayes F, Simeone R, et al. ESX secretion 
systems: mycobacterial evolution to counter host 
immunity. Nat Rev Microbiol 2016 ; 14 : 677-91.
 10.  Laencina L, Dubois V, Moigne V Le, et al. Identification 
of genes required for Mycobacterium abscessus 
growth in vivo with a prominent role of the ESX-4 
locus. Proc Natl Acad Sci USA 2018 ; 115 : E1002-11.
d’amibes ou de macrophages, ont été 
retenus. Le séquençage du site d’inser-
tion du transposon pour chaque mutant 
a permis d’identifier plusieurs mutants 
possédant une insertion au sein de cinq 
gènes (eccC4 [esx-conserved compo-
nent C4], eccD4, mycP4 [mycosin-1 pro-
tease], eccB4, et eccE4) appartenant au 
locus esx-4. Pour confirmer les résultats 
du crible et comprendre la contribution 
d’ESX-4 à la croissance et à la survie 
intracellulaire de M. abscessus chez les 
amibes et dans les macrophages, nous 
avons construit un mutant de délétion 
d’eccB4, qui code un élément structural 
de base du système ESX-4. La croissance 
intracellulaire de ce mutant s’est avérée 
atténuée chez les amibes et dans les 
macrophages (Figure 1B). La diminution 
de la survie intracellulaire du mutant est 
liée à son incapacité à bloquer l’acidifi-
cation du phagosome, mais surtout à la 
diminution du contact entre le phago-
some et le cytosol, tel qu’il est observé 
pour la souche parentale. Ces carac-
téristiques montrent donc la capacité 
unique de M. abscessus, en tant que 
mycobactérie pathogène opportuniste, 
à se répliquer à l’intérieur des phago-
cytes professionnels, contournant ainsi 
certaines réponses antibactériennes de 
l’hôte. 
Le locus esx-4 de M. abscessus comprend 
un gène supplémentaire, eccE4, qui est 
absent de tous les autres locus esx-4 
retrouvés chez les mycobactéries patho-
gènes. Sa présence pourrait expliquer la 
fonctionnalité du système ESX-4 chez 
M. abscessus, à l’instar du système ESX-1 
chez M. tuberculosis. 
Au cours de la dernière décennie, les 
SST7 sont apparus comme essentiels 
pour la virulence des mycobactéries et, 
parmi eux, notamment le système ESX-1 
absent chez M. abscessus. Nous mon-
trons par cette étude le rôle biologique 
inattendu et authentique du système 
ESX-4 dans la virulence de M. absces-
sus. Nos observations montrent donc 
que M. abscessus est bien équipé d’un 
arsenal génétique acquis au cours de 
l’évolution pour survivre dans les amibes 
de l’environnement. Ce même arsenal 
génétique aiderait M. abscessus à pro-
voquer une infection chez l’homme. Les 
substrats sécrétés par ESX-1 de M. tuber-
culosis comprennent ESAT-6 (6-kDa early 
secreted antigenic target) et CFP-10 
(10-kDa culture filtrate protein) et plu-
sieurs autres protéines. Ces dernières 
sont des acteurs clés dans l’interaction 
de la mycobactérie avec les cellules 
immunitaires de l’hôte. Les substrats 
d’ESX-4 présents chez M. abscessus sont 
donc à identifier dans le futur. ‡
The most ancestral mycobacterial 
ESX-4 secretion system is essential for 
intracellular growth of Mycobacterium 
abscessus within environmental and 
human phagocytes
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